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ABSTRACT 


Comparisons between theory and experiment for buckTing of laminated 
graphite-epoxy and boron-epoxy cylinders under combined compression and 
torsion are presented. The experimental results are compared to a 
theory by Wu. It is shown that there is excellent agreement between 
theory and experiment for pure torsional loading (positive and negative), 
experimental buckling loads for pure compression are well below the 
predicted values, and good correlation is exhibited between theory and 
experiment for buckTing under combined loading when compared in the 
form of normalized buckling interaction diagrams in axial -torsional 
load space. 
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1.0 INTRODUCTION 

As advanced composite materials become more widely accepted, they 
will naturally be used in a wide variety of applications and loading 
environments. Thus it is important that engineers have a fundamental 
understanding of the behavior of these materials in complex as well as 
simple loading conditions. This requires that theoretical work be done 
to accurately predict the load carrying capacity of structural elements 
under various loading configurations and that there be experimental 
verification of the theory. 

This investigation was undertaken for the expressed purpose of 
conducting a series of combined load buckling tests on composite cylinders 
and comparing the experimental results to the theoretical predictions of 
Wu [1]. The test cylinders were fabricated from boron-epoxy and graphite- 
epoxy and the loading consisted of a series of combined axial and tor- 
sional loads. The theoretical predictions for buckling loads are presented 
in the form of buckling interaction diagrams in axial -torsional load 
space; experimental results are shown on these interaction diagrams for 
comparison between theory and experiment. Five boron-epoxy and four 
graphite-epoxy laminates were tested. The boron-epoxy laminates were: 

[0], [+45]^, [-452/452155 [0/±45/90]g and [-82.5/30/20/-82.5]; the 
graphite-epoxy laminates were: [±45]^, C-452/452]g, [0/±45/90]g and 

[-82.5/30/20/-82.5]. A complete listing of specimens is presented in 
Table 1. 

Previous works on buckling of composite cylinders include those of 
Marlowe, Sushinsky and Dexter [2] on torsional buckling of composite 
and composite-reinforced aluminum cylinders, Wilkins and Love [3] on 


1 



2 


combined compress ion-tors ion buckling of graphite-epoxy cyclinders, 
and Tennyson [4] on combined axial -torsional buckling of glass/epoxy 
cylinders. The latter paper also presents a rather extensive list of 
references on buckling of laminated composite cylinders. 



2.0 BUCKLING ANALYSIS 


2.1 Introduction 

This chapter presents a rather brief summary of the analysis used to predict 
the buckling loads of laminated fibrous composite cylinders (modeled as anisotropic 
materials) under combined radial pressure, axial compression and torsion. The 
method is taken directly from Wu [ 1 ], and a computer program which he supplied 
to LaRC was used to obtain results for combined axial compression and torsional 
loading. 

• The geometry of the laminated shell is shown in Fig, la where the left hand 
coordinate system xez is employed. The origin is located at the mid-section of 
the cylinder and in the midplane of the shell thickness. Equilibrated loads are 
applied at the ends of the cylinder. 

Following the isotropic theory of Flugge [5], the basic assumptions 
adopted in the present analysis are 

(a) the shell is thin, h/r « 1 

(b) the deflections of the shell are small 

(c) the transverse normal stress 0 ^ - 0 

(d) normals to the reference surface remain normal to it and undergo 

no change in length during deformation, e_ - ~ 0 

4 XZ oZ 

2.2 Fundamental Equations 

2.2.1 Stress-strain relations 

For thin shells of anisotropic materials the elastic stress-strain relations 
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2.2.2 Strain-displaceraent relations 

The strains at any point of the shell can be expressed in terms of the membrane 
strains e°, e°, y°q and curvatures k^, k^, 


where 


e = e° + Zk 
X X X 


'e “ 'e - f’S 


'xe 


^ ^ ■ If^^X9 


( 2 ) 


o _ 3U 
^X " 9X 


- 1 

" r ^0 


+ w) 


O _ 1 9u , 3V 
^X0 ~ r 39 3X 


K.. = 




K„ - 


1 


2 

+ 

[— 2 ; + 
39 


w) 


'X0 


/2 A_ 

" ^r 3X39 


1 3U 1 3V\ 
^ 39 " r 3X^ 


and the approximation 

r z z 2 

p— =1 - - + (-) has been used. 

2.2.3 Force-displacement relations 

The stresses on the shell element (Fig. lb) are replaced by the stress re- 
sultants and stress couples per unit length defined by 
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2.2.4 Linear buckling equations 

In Flugge's theory, the following linear equilibrium equations were derived 
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where the positive values of p, P and T are* respectively, the external radial 
pressure, the axial compression per unit length, and the shear force per unit 
length. 

Substituting Equations (1) and (2) into (3), making use of (z/r)^ « 1, and 
then substituting the resulting equations into Equation (4) leads to the following 
equilibrium equations for cylindrical shells made of anisotropic materials and 
loaded with any combination or radial pressure, axial compression, and torsion. 
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where A.., B.. and D.. are defined by lamination theory [7], 
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2.2.5 Boundary conditions 

2. 2. 5.1 Simply supported boundary conditions: 

“ = «x= N 


( 6 ) 


S2: w = M = u = V = 0 
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S3: „ = = u = + =0 

S4: „=M^=N^.l|i=v=0 


2.2. 5. 2 Clamped boundary conditions: 


C2: w H = u = V = 0 


C3: « = |S.u = T^ + p||=0 


C4: „ = ||=n^ + IM=v. 0 


X 0 

where = N . + is the Kirchhoff boundary shear. 
X Xu r 


(7) 


2.3 Method of Solution 

The problem is viewed as an eigenvalue problem in which it is desired to find 
a set of displacement modes which satisfy the equilibrium equations (5) and a 
given set of boundary conditions. The method of solution uses a set of displace- 
ment modes (with undetermined coefficients) which satisfy the equilibrium equa- 
tions identically, and. solves for the undetermined coefficients by forcing 
satisfaction of the boundary conditions to obtain a boundary determinant. The 
buckling load is then the minimum load which satisfied both equilibrium equations 
and the boundary determinant. 

The set of displacement modes is assumed in the form 

u = Usin(^+ne) 


V = V sin (•— + ne) 


( 8 ) 
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w = W cos + ne) 


where n is the number of waves, in the circumferential direction, and U, V, and 
W are undetermined coefficients. Substituting these functions into the equili- 
brium equations (5) and setting the determinant of the coefficient matrix to zero 
leads to an eighth degree polynomial in terms of x: 


agX® + a^x^ + agX® + agX^ + a^x^ + + agX^ + a^x + a^ = 0 (9) 

where a's are coefficients in terms of A.., B.., D.., n, p, P, and T. The 

• J * J I J 

characteristic roots of Equation (9) are complex numbers in general. However, 
since, the a^ of (9) are real constants, the complex roots form conjugate pairs. 
Hence Equation (8) is generalized to 


X i X 

U = E U. sin ( -^ + ne) 
k=l ^ ^ 


V = E V. sin ( — + ne) 
k=l ^ ^ 


( 10 ) 


8 X|^x 

w = W. COS ( + ne) 

k=l ^ 

The displacement modes (10) do not in general satisfy the boundary conditions. 
However, the complex conjugate nature of Xj^, Uj^, Vj^ and Wj^ may be utilized to 
eliminate the imaginary parts in Equations (10). As a result, the displacement 
modes contain only the real quantities as follows: 

7 
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( 11 ) 

7 
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where *^srk’ '"*k’ *" defined in Reference [l ]. 

Using Equations (11) the boundary conditions ((6) and (7)) may now be expressed 
in terms of the unknown w's as a set of homogeneous algebraic equations. The 
nontrivial solutions further require that these "boundary determinants" vanish. 

The buckling load for the given length, geometry, and materials properties is 
then the minimum load which satisfied both the Equation (9) and the boundary 
determinant corresponding to each K. The reader may refer to Reference [1 ] 
for the special cases of n = 0 and 1 wherein the characteristic equation (9) is 
reduced and special treatment must be taken. 





3.0 THEORETICAL PREDICTIONS 


3.1 Theoretical Buckling Loads 

The computer program developed by Wu [1] was used to predict the 
buckling loads of the cylinders used in the experimental investigation. 

The results were obtained in the form of specific buckling loads for a 
series of axial/torsional load ratios. A buckling interaction diagram 
was then determined by plotting these buckling loads in normalized axial - 
torsional load space. Axial loads were normalized with respect to the 
buckling load in pure compression (P*) and torsional loads were normalized 
with respect to the buckling load for positive pure torsion (T*). Inter- 
action diagrams (both line and point plots) are presented in the Results 
Section. The line plots were obtained using cubic spline interpolation. 
The experimental results are shown on the line plots as individual data 
points. A complete listing of all theoretical buckling loads is presented 
in Appendix A. 

3.2 Input Data for the Wu Program 

The Wu program requires geometric, material, boundary condition and 
loading input data. The geometric properties were determined from 
measurements on each cylinder and the loading data was preselected to 
sufficiently determine the interaction diagram. The material property 
data for the two material systems investigated were obtained from the 
literature for typical fiber volume fractions (Table 2). The modulus 
in the fiber direction (E-i-j) was then corrected for the specific fiber 
volume fraction present in each specimen. These fiber volume fractions 
were determined from thickness measurements, the known number of plies, 
and assumed nominal ply thickness and fiber volume fraction. The 
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modified moduli are presented in Tables 3 and 4. A summary of variable 
input properties for the actual cylinders is presented in Table 5. All 
other required material properties were taken from Table 2. All 
theoretical results are for the type C3 clamped boundary conditions 
defined in equ. 7. 

h 

3.3 Modulus Predictions 

Lamination theory [7] was used to predict Young's modulus E along 
the axis of each cylinder and the shear modulus in the plane of the 
laminate. The assumed material properties for these calculations are 
presented in Tables 5 and 6, and comparisons between theory and experiment 
are presented in Table 7. These comparisons which were made as part of 
the assessment of the quality control on the specimens will be discussed 
in the Results Section, 



BASIC DATA FOR COMPOSITE CYLINDERS 
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TABLE 2 

TYPICAL MATERIAL PROPERTIES FOR INPUT TO WU PROGRAM 
Boron-Epoxy (AVCO 5505/4) 


^11 

= 30x1 0%si 

^22 " 2.7xl0^psi 

Gi2 

= l.OxlO^psi 

Vi2 = 0.21 


Graphite-Epoxy (Modmor I fibers, Narmco 5208 resin) 


^11 

= 30xl0®psi 

E 22 = 1.7xl0®psi 

®12 

- 1 .OxlO^psi 

V-J2 = 0.21 
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TABLE 3 

MODULUS VALUES CORRECTED FOR FIBER VOLUME FRACTION 
(BORON-EPOXY AVCO 5505/4) 


Laminate 

Spec No. 

V 

E-j-j (corrected) 

(xlO'Ssi) 

[Og] 

2 

0.57 

31 .56 

[0/±45/90]j 

13 

0,52 

28.84 

n 

23 

0.55 

30.47 

[±45]^ 

1 

0.473 

26.27 

11 

3 

0.50 

27.75 

5/30/20/-82.5] 

4 

0.483 

26.82 

II 

5 

0.492 

27.31 

II 

12 

0.495 

27,47 

If 

17 

0.495 

27,47 

[-452/452]^ 

6 

0.473 

26.27 

ii 

19 

0,547 

30.31 


Assumed Constituent Pronerties: 

= 0.49xl0®psi E^ = 55xl0®psi 


Nominal ply thickness = 0,0046" 
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TABLE 4 

MODULUS VALUES CORRECTED FOR FIBER VOLUME FRACTION 
(MODMOR I, 5208 GRAPHITE-EPOXY) 


Laminate 

Spec No. 

Vf 

E-J.J (corrected) 
(xTO'^psi) 

[-82.5/30/20/-82.5] 

7 

0.56 

18.72 

H 

8 

0.53 

17.72 

II 

9 

0.56 

18.72 

II 

10 

0.54 

17.90 

[I45]s 

11 

0.46 

15.50 

II 

16 

0.48 

16.09 

[- 452 / 462 ]^ 

14 

0.48 

16.09 

II 

18 

0.44 

14.94 

il 

20 

0.46 

15.50 

II 

21 

0.47 

15.79 

[O/+45/9OI3 

15 

0.60 

20.0 

II 

22 

0.60 

20.0 

II 

A 

0.59 

19.52 

II 

B 

0.59 

19.52 


Assumptions: 

E^ = 33xl0®psi Ejj^ = 0.49xl0^psi 


Nominal ply thickness = 0.0050" 
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TABLE 5 

VARIABLE WU INPUT DATA FOR ACTUAL TUBES 


Laminate 

Spec No. 

L/R 

R 

(in) 

Ell 

(xlO”®psi) 

t/ply 

(in) 

Boron-Epoxy 

F45]^ 

1 

6.65383 

2.987 

26.27 

0.0055 

[0] 

2 

4.71857 

2.967 

31.56 

0.0046 

[-82.5/30/20/-82.5] 

3 

6.66223 

3.002 

27.75 

0.0052 

tl 

4 

6.67222 

3.002 

26.82 

0.0054 

11 

5 

6.74326 

3.003 

27.31 

0.0053 

11 

12 

6.70241 

2.984 

27.47 

0.0053 

11 

17 

6.73979 

2.986 

27.47 

0.00525 

[-452/45213 

6 

6.62355 

3.015 

26.27 

0.0055 

11 

19 

6.71592 

2.978 

30.31 

0.0047 

[0/±45/90]g 

13 

6.72043 

2.976 

28.84 

0.0050 


23 

6.38226 

2.977 

30.47 

0.0047 

Graphite-Epoxy 

[-82.5/30/20/-82.5] 

7 

4.94844 

3.006 

18.72 

0.00535 

11 

8 

6.6578 

3.007 

17.72 

0.0057 

11 

9 

6.66556 

3.005 

18.72 

0.005325 

It 

10 

6.15641 

3.005 

17.90 

0.0056 

[^45]^ 

11 

4.39404 

2.987 

15.50 

0.0065 

It 

16 

6.0241 

2.988 

16.09 

0.00625 


14 

6.72043 

2.976 

16.09 

0.00625 

11 

18 

6.72043 

2.976 

14.94 

0.00675 

11 

20 

6.72269 

2.975 

15.50 

0.0065 

11 

21 

5.67418 

2.974 

15.79 

0.006375 

[0/±45/90]g 

15 

6.72043 

2.976 

20.0 

0.0050 

11 

22 

6.72043 

2.976 

20.0 

0.0050 

II 

a 

6.75488 

2.970 

19.52 

0.005125 

it 

b 

6.75488 

2.970 

19.52 

0.005125 


MOTE: See Table 2 for other material properties 
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TABLE 6 

ASSUMED PROPERTIES FOR INPUT TO 
LAMINATION THEORY 


Boron-Epoxy 

E^^: See Table 5* 

G.J 2 = 1.26xlO®psi 


^22 ” 2.7xl0®psi 
v ^2 ~ 0.21 


Ply thickness: See Table 5* 


Graphite-Epoxy 

E^^ : See Table 5* E 22 = l .TxlO^si 

^12 ” l.OxlO^psI V |2 “ 0*3 

Ply thickness: See Table 5'*' 

*Vari able depending on actual tube thickness 



4.0 EXPERIMENTAL PROGRAM 

4.1 Specimens 

The specimens used in this investigation were thin-walled cylinders 
made from either boron-epoxy or graphite-epoxy composite laminates. The 
boron-epoxy was 4 mil fibers in AVCO 5505 resin and the graphite-epoxy 
was Modmor I fibers in Narnico 5208 resin. All cylinders were approximately 
6 inches in diameter and most were approximately 20 inches in length. 

Wall thickness varied with the number of plies in the laminate ranging 
from a low of 0.021 inches to a high of 0.054 inches. A detailed listing 
of specimen geometries is given in Table 1 and a typical specimen is 
shown in Fig. 2. Twenty foil -type strain gages were bonded to each speci- 
men in the pattern shown in Fig. 3. Load was introduced through aluminum 
plugs which were bonded to the ends of the specimens (Fig. 2). 

4.2 Data Acquisition 

Load and strain were acquired using a variety of data acquisition 
devices during the course of the investigation. Load was monitored using 
strip charts, oscilloscopes, the CB data acquisition, system [6], and a 

commercially available data acquisition system. Strain was monitored 

2 

using strip charts, the CB system, oscilloscopes, and the commercial 
data acquisition system. Figure 4 shows some of the data acquisition 
equipment used during a typical test at VPI&SU. For the tests conducted 
at Langley, all data was acquired and stored using their automatic data 
acquisition system. Load and strain were also monitored on oscilloscopes 
during the tests. 

4.3 Loading 

The great majority of the tests were conducted at VPI&SU on an MTS 
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Fig. 2. Typical Composite Cylinder with End Plugs 
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Fig. 3. Strain Gage Pattern 
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axial- torsional combined loader. The other tests were conducted at Langley 
Research Center on two different machines, one being pure torsion and 
the other a combined axial -torsional loader. The VPI machine had the 
capability to function under load or displacement control with each mode 
independent of the other. Considerable difficulty was encountered with 
this machine. It was rated at 50 Kips axial and ±20 Kip-in torsional, 
but did not provide the rated torsional capacity in both directions. The 
maximums attainable were +20 Kip-in and -17.5 Kip-in.* Early tests were 
run under load control in order to a priori establish the load ratios for 
the test. This proved to be an unsatisfactory manner in which to run 
buckling tests without failing the specimen. Because of the automatic 
loading nature of the machine, the load continued to increase at the 
specified loading rate as the buckling point was approached and as a 
result the specimen failed before unloading could be accomplished. Sub- 
sequent tests were run under displacement control or a combination of 
displacement and load control. Displacement control on both loading 
modes was used for all tests except the pure compression and pure torsion 
tests on cylinders which were made from unsymmetric laminates. The latter 
tests were run under a combination of load and stroke control in order to 
insure that undesired loads were not introduced due to the coupling 
between in-plane forces and bending moments associated with unsymmetric 
laminates. These two loading methods (displacement control, and 
combined displacement and load control) proved to be more satisfactory 
for determining the buckling point without failing the specimen. 


♦Pure torsion results for cylinders with buckling loads in excess of 
the maximum attainables at VPI&SU were obtained at Langley Research 
Center. 
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The complete series of tests on each cylinder consisted of pure 
compression, pure (positive and negative) torsion, and several combined 
compression- torsion loads. The complete series was not conducted for 
all cylinders since some specimens failed before the series was com- 
pleted and others were duplicate specimens. 

4.4 Test Procedures and Determination of the Buckling Point 

The specimens used in this investigation were very expensive and, 
therefore, it was necessary to conduct as many tests as possible with 
each cylinder in order to obtain a good spectrum of loading combinations 
at a reasonable cost. This required that each specimen be loaded under 
a particular loading configuration up to the buckling point and then 
unloaded before any permanent damage had occurred. It was desired to 
repeat this procedure many times with each specimen with only the loading 
configuration being changed. This proved to be a particularly troublesome 
task throughout the entire testing program. Buckling the cylinders under 
pure torsion was a fairly stable event and the deformation at the buckling 
torque could usually be controlled without damaging the specimen. In 
addition, the torsional buckling load was quite predictable and this was 
extremely helpful when testing. Buckling under pure compression was 
very unpredictable and usually a much more dynamic event. Thus, it was 
difficult to obtain buckling loads at or near the pure compression 
configuration without damaging the specimen. (The response was of 
course also dependent upon the laminate being studied.) As a result 
of the difficulty in obtaining a buckle without damaging the specimen, 
a very conservative approach was adopted during the experimental program. 
Subsequent analysis of the experimental data indicated that in many 
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cases the test was stopped prior to attaintnent of the buckling load. 
Such data points are not plotted on the buckling interaction diagrams, 
but they are listed in Table 9. Even with the conservative approach 
fourteen of twenty-five specimens were failed during the course of the 
investigation. 

A particularly good example of torsional buckling response is 
shown in Fig. 5a which is an oscilloscope trace of torque vs. strain 
for four strain gages mounted at +45° on a [-452/452]5 graphite-epoxy 
cylinder. Nonlinear response and strain reversal are clear evidence 
that the cylinder has buckled. Fig. 5b is another example of a pure 
torsion tests conducted at Langley Research Center. The specimen is a 
quasi -isotropic [07+45/90]^ graphite-epoxy cylinder and the gages are 
all at 45° to the axis of the cylinder. In this exampl e the test was 
stopped as soon as the initiation of buckling was evident. 

Figure 6 shows two exampl es of oscilloscope traces for axial load 
vs. strain for pure compression loading. The traces in Fig. 6a are 
from a test conducted at Langley and those in Fig. 6b are from a test 
conducted at VPI&SU. The NASA test provided a much clearer indication 
of buckling than did the VPI test. The NASA test was for a [0/±45/90]^ 
graphite-epoxy cy 1 i nder with all strain gages along the axis of the 
cylinder and the VPI test was for a [0/±45/90]_ boron-epoxy cyl i nder 
with the strain gages at 0°, ±45° and 90°. Initiation of buckling is 
evident in only the 0° gage of the VPI test. 

Two examples of oscilloscope traces for combined compression- 
torsion loading are shown in Fig. 7. The results in Fig. 7a are from 
a Langley test on the same [0/±45/90] graphite-epoxy cylinder as 



Load Load 
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Strain 

Fig. 5a. [- 452 / 452] 5 Graph iter Epoxy 



Strain 

Fig. 5b. [0/±45/90]g Graphite-Epoxy 

Fig. 5. Load-Strain Histories for Pure Torsion 



Fig. 6a. [0/±45/90]. Graphite-Epoxy 


Fig, 6b. [0/±45/90] Boron-Epoxy 


Fig, 6. Load-Strain Histories for Pure Compression 
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shown in Fig. 7b. The strains which are from gages at +45° and -45° to 
the cylinder axis clearly show the initiation of buckling. Fig. 7b shows 
results obtained at VPI&SU on the same [0/±45/90]^ boron-epoxy cylinder 
as shown in Fig, 6b. This figure also clearly shows the initiation of 
buckling as indicated by the strain at 0°, +45°, -45° and 90°. In 
general it can be stated that it was more difficult to ascertain the 
initiation of buckling (without failure) in the combined loading mode. 
Also, greater control of the deformation of the specimen near the 
buckling load was attainable in the tests conducted at Langley. The 
tests conducted at VPI&SU were plagued by occasional surges in the 
loading. 

Another aspect of the testing program which had a profound influence 
on the conduct of the tests was the frequent audible sounds which were 
emitted by the specimen during loading. These cracking sounds usually 
were more frequent at higher load levels. Although the source of the 
cracking noises could not be ascertained, tests were often stopped 
because of them. It is interesting to note that cylinders which were 
tested further after emitting loud noises often exhibited good 
buckling behavior under a different loading configuration. The crack- 
ing noises could be attributed to debonding between the specimen and 
the end plug as well as formation of cracks in the specimen. Visual 
inspection of the specimens did not exhibit cracks unless failure was 
evident. 



Load Load 
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Strain 

Fig. 7a. [0/±45/90]g Graphite-Epoxy 



Strain 

Fig. 7b. [0/±45/90]^ Boron-Epoxy 

Fig. 7. Load-Strain Histories for Combined Compression-Torsion 




5.0 RESULTS 


5.1 Modulus Values 

Comparisons between theoretical and experimental modulus values are 
presented in Table 7. The table shows results for the Young's modulus 
in the direction of the cyl i nder axis (E ) and the shear modulus in the 

A 

plane of the laminate (G^g). The theoretical results are based upon 
lamination theory [7], The assumed material properties for input to 
lamination theory are listed in Table 6. The input for the theory was 
taken from the 1 iterature and the only unidirectional specimen available 
for testing. The data were modified for thickness (fiber vol ume 
fraction) as discussed previously. Since most of the input data for 
these calculations were taken from typical properties in the literature, 
the laminate predictions can only be considered approximate values. 

Close examination of Table 7 indicates that there is fairly good 
agreement between theory and experiment with the percent difference 
ranging from a low of five percent to a high of 38 percent. In view 
of all of the unknown factors such as fiber vol ume fraction, fiber 
al ignment and unidirectional material properties, this difference is not 
surprising. In fact, in many cases the agreement is quite good. 

5.2 Pure Compression and Pure Torsion 

A comparison between the theoretical buckl ing loads for pure 
compression and pure torsion as predicted by the Wu program and the 
experimental results are presented in Table 8. These results generally 
show that there is excellent agreement between the theoretical and 
experimental buckl ing loads for positive and negative torsion, but 
the experimental results for pure compression are well below the 
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TABLE 7 

THEORETICAL AND EXPERIMENTAL MODULUS VALUES 


Lami nate 


Spec No. 


Experimental 



psi ) 



(x10‘®psi) 


Lamination Theory 
Ex ®xe 

(xl0‘®ps1) (xl0'®ps1) 


Boron-Epoxy 


[+45]3 

1 

- 

7.03 

4.32 

6.99 

[0] 

2 

31.30 

1 .26 

31.56 

1.26 

[-82.5/30/20/-82.5] 

3 

— ■ 

- 

6.22 

1.85 

II 

4 

5.02 

1.59 

6.16 

1.84 

II 

5 

- 

1.66 

6.19 

1.85 

11 

12 

- 

1.40 

6.20 

1.85 

II 

17 

6.38 

1 .52 

6.20 

1.85 

t- 452 / 462 ]^ 

6 

3.33 

7.02 

4.32 

6.99 

II 

19 

- 

9.15 

4.39 

8.00 

[0/±45/90]5 

13 

10.98 

4.85 

11,53 

4.45 

11 

Graphite-Epoxy 

23 



11.84 

4.56 

[-82.5/30/20/-82.5] 

7 

- 

- 

4.52 

1.39 

11 

8 

4.11 

1.28 

4.44 

1.38 

II 

9 

- 

- 

4.52 

1.39 

11 

10 

3.36 

1.06 

4.46 

1.38 

[+45]^ 

n 

2.28 

5.46 

3.28 

4.09 

II 

16 

- 

- 

3.30 

4.23 


14 

2.06 

4.43 

3.30 

4.23 

11 

18 

- 

4.50 

3.27 

3.95 

II 

20 

- 

5.86 

3.29 

4.09 

11 

21 

- 

. 5.20 

3.29 

4.16 

[0/±45/90]5 

15 

- 

4.09 

8.06 

3.10 

0 

22 

9.89 

4.76 

8.06 

3.10 

It 

A&B 

9.03 

4.05 

7.89 

3.05 


* See Table 6 for input properties. 



34 


TABLE 8 

THEORETICAL AND EXPERIMENTAL BUCKLING LOADS 
Laminate Spec No. Experimental Theoretical 


P 

(Kips) 


Boron-Epoxy 


[H5]3 

1 

- 

[0] 

2 

12.5 

[-82.5/30/20/-82.5] 

3 

• - 

II 

4 

5.8 

II 

5 

- 

It 

12 

- 

II 

17 

6.1 


6 

13.85 

II 

19 

- 

[0/±45/90]g 

13 

30.75 

II 

Graphite-Epoxy 

23 

19.25 

[-82.5/30/20/-82.5] 

7 

■ - 

II 

8 

4.52 

11 

9 

- 


10 

- 

[W6]^ 

11 

4.1 

II 

16 

- 

C-452/45233 

14 

12.2 

II 

18 


II 

20 

- 

H 

21 

- 

[0/±45/90]g 

15 

- 

11 

22 

22.5 


A 19.25 


T+ T- P T+ T- 


(K-in) 

(K-in) 

(Kips) 

(K-in) 

(K-in) 

4.0 


9.5 

4.3 

-7.3 

- 

-8.9 

27.2 

13.7 

-13.7 

- 

- 

8.9 

7.3 

-12.8 

6.3 

-14.3 

9.8 

7.7 

-13.6 

7.0 

- 

9.2 

7.6 

-13.1 

5.0 

“ 

9.4 

7.5 

-13.1 

7.9 

1 

• 

cn 

9.1 

7.3 

-12.8 

20.85 

-34.8 

38.2 

22.7 

-37.6 

16.8 

-27.7 

29.6 

16.6 

-27.7 

- 

-19.8 

46.5 

25.2 

-21.3 

20.2 

-15.3 

42.9 

23.4 

-19.8 

- . 


6.8 

6.1 

-10.9 

5.6 

-11.5 

7.8 

6.1 

-10.2 

- 

- 

6.7 

5.4 

-9.2 

5.1 

-7.2 

7.4 

6.1 

-10.4 

5.22 

-9.45 

9.3 

5.7 

-9.6 

- 

- 

8.9 

4.5 

-7.1 

17.6 

-32.0 

35.0 

20.4 

-33.0 

19.4 

-35.4 

40.4 

23.7 

-37.8 

18.0 

-33.3 

37.2 

21.9 

-35.2 

19.8 

-33.2 

37.3 

22.9 

-38.1 

20.4 

-16.5 

32.2 

17.7 

-14.7 

17.9 

-17.0 

32.2 

17.6 

-14.6 

20.2 

-15.3 

33.3 

18.3 

-15.0 


II 
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theoretical values. The actual corapressional buckling loads are 35-70 
percent of the predicted values. Although these low values may be 
due in part to the conservative approach adopted during the experiments, 
this would not account for all the difference. In some cases, such 
as that shown in Fig. 6a, buckling is clearly evident at a load well 
below the predicted value. Thus, the results show that actual compres- 
sional buckling loads are considerably less than the theoretical values 
with a knock-down factor of 35-70 percent. 

The results in Table 8 also show that the pure torsional buckling 
load of a given cylinder is very dependent upon the direction of loading. 
Both theoretical and experimental results show that the positive and 
negative values may differ by as much as a factor of 2.0. This behavior 
is directly related to the fiber orientation and location of the 
individual layers of the cylinder. If the fibers are in tension 
they will resist buckling, and the outmost layer has the most influence 
on the torsional buckling behavior of the cylinder. It is also apparent 
from Table 8 that some of the experimental torsional buckling loads are 
greater than the theoretical prediction. This is believed to be the 
result of inaccurate specification of the actual specimen and not a 
true indicator that the actual buckling load is greater than the predicted. 

5.3 Combined Compression and Torsion 

The results for combined loading are presented in Figs. 8-55 in 
the form of normalized buckling interaction diagrams. Axial loads 
have been normalized with respect to the experimental value P* for the 
buckling load under pure compression and torsional loads have been 
normalized with respect to the torsional buckling load T* for positive 
torsion. These values are listed in Table 9 along with all experimental 
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buckling loads. Estimated values for P* and T* were used whenever 
experimental values were not available. They are so indicated in 
Table 9. 

The results are grouped by material and laminate configuration. 

Two figures are presented for each specimen. The first figure shows the 
experimental results superimposed on a cubic spline curve fit of the 
buckling loads predicted by the Wu program. The individual data points 
from the Wu program are shown in the second figure associated with 
each specimen. Experiraental points are numbered according to the 
particular test number. Whenever more than one specimen of a parti- 
cular configuration was tested, all experimental results for that 
type of specimen are shown on the first figure for that group. Close 
examination of the figures shows that the Wu predictions for a particular 
type of specimen will vary somewhat with the variable input data 
(Table 5). However, when plotted in normalized load space this varia- 
tion is small. This is also true for laminates with the same fiber 
orientations, but different materials. 

5.3.1 Boron-Epoxy Cylinders 

5. 3. 1.1 The [+45 Laminate 

The results for this specimen are shown in Figs. 8 and 9. Only 
three data points were obtained and it was necessary to estimate P*. 

The experimental results are in fairly good agreement with the theory. 
These results could be shifted up or down depending upon the actual 
value for P*. For this particular laminate, the value for negative 
torsion is predicted to be 1.7 times the positive value. The specimen 
failed during the third test. This was one of the early tests and 
the machine was being operated under load control. As discussed 
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previously this proved to be an unsatisfactory manner in which to run 
the tests. 

5. 3. 1.2 The [0] Laminate 

Figures 10 and 11 show the results for this laminate. Only two 
data points were obtained as the cylinder cracked parallel to the fibers 
during the pure compession test. The predicted positive and negative 
torsional buckling loads differ only in sign. 

5.3.1.3 The [-82.5/30/20/-82.5] Laminate 

This specimen is an example of a laminate which is neither 
balanced nor symmetric. Thus there is coupling between in-plane forces 
and bending moments, and also between normal and shear response. Pure 
compression and pure torsion were introduced to such specimens through 
a combination of load and stroke control. Early tests had clearly 
shown if the tests were run with both loading modes in stroke control 
the coupling effect introduced undesired loads. Figures 12 through 
21 show the results for this type of specimen. The experimental results 
in Figure 12 represent tests on four different cylinders of this type. 

The line plot is from specimen No. 3 which was not tested. As indicated 
in the figure, there is very good agreement between theory and experi- 
ment in normalized load space. The difference in positive and negative 
torsion is clearly exhibited by both theory and experiment. The experi- 
mental results for individual specimens are shown in Figs. 14, 16, 18 
and 20. The results shown in Fig. 18 (Specimen No. 17) were plagued by 
machine malfunctions which most likely account for the differences in 
theory and experiment. The shape of the experimental interaction diagram 
does, however, appear to be very similar to the predicted curve. Thus, 
the results may be in error by a constant factor. 
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5. 3. 1.4 The [-452/452]^ Laminate 

The results for this specimen are shown in Figs. 22 through 25. 

Only seven experimental points were obtained, and only two of these 
were for combined loading. Data point #8 exhibits good comparison 
with theory, but data point #5 indicates that the test was apparently 
stopped before the cylinder buckled. Analysis of numerous other tests 
on this specimen indicated that many tests had been stopped prior to 
buckling. These results are shown in Table 9, Both theory and 
experiment indicate a significant difference in positive and negative 
torsional buckling. 

5. 3. 1.5 The [0/±45/90]g Laminate 

Results for this quasi -isotropic laminate are shown in Figs. 26-29. 
As indicated in the figures there is very good agreement between theory 
and experiment for the normalized buckling interaction diagram. Because 
of the quasi-isotropic configuration of this laminate, the positive and 
negative torsional buckling loads are nearly the same. 

5.3.2 Graphite-Epoxy Cylinders 

5. 3. 2.1 The [-82.5/30/20/-82.5] Laminate 

The results for this type of specimen are shown in Figs. 30-37. 

With the exception of specimen No. 10, there is good agreement between 
theory and experiment. Specimen No, 10 exhibited cracking and failure 
at relatively low loads. This may have been the result of a poor 
quality specimen. The theoretical buckling interaction diagram for this 
quasi -isotropic laminate is very similar to the curve for the quasi - 
isotropic boron-epoxy laminate. 

5. 3. 2. 2 The [+45]^ Laminate 

Theoretical predictions for this type of specimen are shown in Figs. 
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38-41. Only one specimen was tested and those results are shown in Fig. 

38. Again, the correlation between theory and experiment is quite good. 

5. 3. 2. 3 The [-452/452]^ Laminate 

The results for this laminate are shown in Figs. 42-49. All four 
specimens were tested in positive and negative torsion, but only one 
specimen was tested under combined loading. ATI experimental results 
compare very well with the theoretical predictions. 

5. 3. 2. 4 The [0/±45/90]g Laminate 

The results for this laminate are shown in Figs. 50-55. The 
results for specimens A and B are shown on one figure as these tests 
were conducted at Langley Research Center before any tests were 
conducted at VPI&SU. The coraposite of all experimental results in Fig. 

50 indicates good comparison between theroy and experiment. 

6. CONCLUSIONS 

The following conclusions can be drawn from the investigation of the 
correlation between theoretical and experimental buckling loads for com- 
posite cylinders under compression, torsion, and combined compression-torsion 

1. The Wu theory gives very accurate predictions of the tor- 
sional buckling loads for both positive and negative torsion. 

2. The pure torsional buckling load is a function of the loading 
direction and may vary by as much as a factor of 2.0. 

3. The Wu theory overestimates the buckling load for pure com- 
pression; the knock-down factor for the specimens tested 
ranged from 35-70 percent. 

4. The Wu theory compares very favorably with experimental 
results for buckling under combined compression-torsion 
when compared in normalized load space. 
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BUCKLING INTERRCTION DIflGRRM 



NOI B/E 


MAX TORaUE/COMPRESSION VALUES 

T f-H T f-i P 

-^271.9 LB-IN -72B9 4 LB-IN 9SDB,0 LB 

iSZ 6 N4H -823. 5 N-M i22B4. 3 N 

Fig. 8. Line Interaction Diagram - Spec. #1 [+45] B/E 
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BUCKLING INTERRCTION DIRGRflM 



Noi B/E r-tsis 


MAX TORQUE /COMPRESS ION VALUES 

T (+» T H P 

i271.9 LB-IN -72B9.4 LB-IN 9SDB.0 LB 

iBZ B N-M -823LS N-M i2291; 9 N 


Fig. 9. Point Interaction Diagram - Spec. #1 [+45]^ B/E 





BUCKLING rNTERRCTION DIflGRRM 



, 0 

-1 . 0 

0 .0 

1.0 

N02 B/E 

TORQUE 

OS) 



MAX TORaUE/COMPRESSLON 

VALUES 

T 


T i-\ 

P 

1367a 6 

LB-IN 

-L3S7S.6 LB-IN 

2720a 2 L 

1S«.5 

N-M 

-l&ta 5 N -M 

12102a -f N 

Fig. 10. 

Line Interaction Diagrain - Spec. 

#2 [Oo] B/E 
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BUCKLING INTERRCTION DIAGRAM 



-Z.O 4.0 0,0 1,0 2.0 

TOROUE 


N02 B/E 0jS) 

MAX TORQUE/COMPRESS ION VALUES 

T T P 

1367^6 LB-IN -13Bm6LB-IN Z723a2 LB 

1515.5 N-N -1515 5 N-H laOZB.'l N 

Fig. 11. Point Interaction Diagram - Spec. #2 [Og] B/E 
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BUCKLING rNTERRCTION DIflGRRH 



N0I2 B/E C^25/30/20/-82S) 


MAX TORaUE/COMPRESSION VALUES 

T (-H T (-1 P 

7m 1 LB-lN -ia2l.8LB-IN 33B8.8 LB 

847.2 N-M -I48Z 5 N-M 41674.0 N 

Fig. 14. Line interaction Diagram - Spec. #12 [-82.5/30/20/-82.5] B/E 
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BUCKLING INTERRCTION DIRGRRM 



N012 B/E C-825/30/20/-82S) 


MRX T0RQUE:/C0HPRE,5Sr0N VRLUES 

T T (-1 P 

7-193.1 LB-IN -l3La.8LB-IN 936a 8 LB 

8^7. 2 NJM -L-182 5 N-M -11674.8 N 

Fig> 15. Point Interaction Diagram - Spec #12 [-82.5/30/20/-82.5] B/E 
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BUCKLING INTERRGTION DIRGRRM 

p 


#4 



-Z . 0 -1 ,0 0 . P 1.0 Z . 0 

TORQUE 

NO.*^ B/E (-825/30/20/-82S) 

MAX TORaUE/CDMPRESSIDN VALUES 

T (+» T C-» P 

77«.l LB-IN -13632. 2 LB-IN 9819.6 LB 

8751 N-M -151Q2 H-h 43675 8 N 

Fig. 16. Line Interaction Diagram - Spec. #4 [-82.5/30/20/-82.53 B/E 
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BUCKLING INTERRCTION DlflGRRH 



NO.^ B/E C-B25/30/20/-82S) 



MAX 

TGRaUE /COMPRESS ION 

VRLUES 


T f-H 


T 

P 


7746.1 

LB-IN 

-13632. 2 LB-IN 

9813,6 

LB 

87S1 

N-N 

-1S4Q 2 N -M 

-I3B7a8 

N 


Fig. 17. Point Interaction Diagram - Spec #4 [-82. 5/30/20/-82.5] B/E 





BUCKLING rNTERRCTION OlflGRRM 




p 





#5 . 



O#l 0 

\o#l 3 FAILURE 


/ o*' 


0 V 


1 


#121 
o Y 

, 1 

- U *6 


V #8 ) 

•2 ,0 



-i . 0 

0 

. 0 1.0 2 . C 


TORaUE 

NOI7 B/E (-825/30/20/-82S) 

MAX TORQUE/COMPRESSION VflLU 


T f+l 

5 LB-IN 

7. 7 N-M 


T M 

•l2B2aO LB-IN 
I W4 N-M 


aOBB.-^ LB 
wia 3 N 




Line Interaction Diagram - Spec, #17 [-82.5/30/20/-82.5] B/E 
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BUCKLING INTERRCTION DlflGRflM 



^.0 4.0 0.0 1.0 2.0 

TORQUE 

NO. 6 B/E L-t52/i526 

MAX TORQUE/COMPRESSION VALUES 

T f-*i T W P 

2Z7-»7.9 LB-IN -37571. 7 LB-IN 382X11 LB 

257ai H*i -*12«0 N-M 1633226 H 

Fig. 22. Line Interaction Diagram - Spec. #6 ["452/452]g B/E 
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BUCKL r NG r NT ERRC T I ON D I flGRRM 



NO, 6 B/E (-"h52/^52)S 


MAX TOROUE/COMPRESSION VALUES 

T l*i T W P 

227^7.9 LB-IN -37S7L 7 LB-IN 382DQ1 LB 

257Q1 N-M --tZISO H-H 16992Z6 H 

Fig. 23. Point Interaction Diagram - Spec. #6 [-452/452]g B/E 
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BUCKLING INTEIRRCTION OIRGRRM 



NO. 19 B/E (-^52/^SZ)3 


MAX TORQUE/COMPRESSION VALUES 

T i*i T P 

166ia7 LB-IN -277-ia3LB-IN 2963L2 LB 

1877.7 N4i -313t9 NJM 1318DB.2 N 

Fig. 25. Point Interaction Diagram - Spec #19 




rNTERRCTION DIAGRAM 



TORQUE 

B/E O/-i-5/a05S 


TORauE/COMPRESS IO^ 
T M 

-ia7SaO LB-IN 
-2232 3 


P 

-^2B9a 2 LB 
i9CBU.a N 


Diagram - Spec. #23 [0/±45/90] B/E 
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BUCKLING INTERflCTION DIRGRflM 



4.0 43 .5 0. 0 0 . 5 1 .0 


TORQUE 

NO. 23 B/E OA-i-5/0O)S 

MAX TORQUE/COMPRESSION 

T M T {-I P 

2331^.2 LB-IN -13798.0 LB-IN i28aE2 LB 

ZBiaa N-M -2232 3 N-N 13O0U.9 N 

Fig. 27. Point Interaetion Diagram - Spec #23 [0/±45/90]^ B/E 
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BUCKLING INTERRCTION OIRGRRM 



-1.0 -0.5 0 . 0 0 . S 1.0 

TORQUE 


NO. 13 B/E (D/-"h5/90)S 


MAX TOROUE/COMPRESSION VALUES 


T 


T (-1 

P 


2523Q5 

LB-IN 

-212B5.1 LB-IN 

-leaDaa 

LB 

28SQL5 

N-M 

-2W.8 N-M 

2DB8&I.0 

N 


Fig. 28. Line Interaction Diagram - Spec. #13 [0/±45/90]^ B/E 
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BUCKLING INTERRCTION DIflGRflM 



NO. 13 B/E O/-45/901S 


MAX TORQUE/COKPRESSIDN VALUES 

T (-*1 T (-1 P 

2323Q 5 LB-IN -a29Sl LB-IN i630a3 LB 

2BSDL6 N-M -210t 8 N-M 2OB801.O N 

Fig. 29. Point Interaction Diagram - Spec #13 [0/±45/90]g B/E 
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BUCKLING INTERRCTION DIflGRflM 



N0.7 GR/E r-825/30/20/-825) 


MRX TORQUE /COMPRESS I ON VflLU 
T (-H T W P 

eoTze LB-IN -ioaoasLB-iN ee3z.2 lb 

68a 1 N-M -L23Z 2 N-M 30331. ^ N 

Fig. 30. Line Interaction Diagram - Spec. #7 [-82. 5/30/ 20/ -82. 5] Gr/E 







ION DlflGRflH 



32S/30/20/-825) 


IMPRESSION VALUES 

M P 

QaSL8-IN 7^1Z6 LB 

4. 6 N-M 3297a I N 


Spec. #10 [-82.5/30/20/-82.5] Gr/E 


















68 


BUCKLING INTERRCTION DIflGRRM 



NOa GR/E (-825/30/20/-825) 


MAX TORO UE /COMPRESS I ON VALUES 

T (*\ T (-1 P 

5430.6 LB-IN -31SZ2 LB-IN 672Z5 LB 

Bias N-M -lOBtO N-M 2390a 4 N 

Fig. 36. Line Interaction Diagram - Spec. #9 [-82.5/30/20/-82.5] Gr/E 








BUCKLING INTERRCTION DIRGRRM 



1 . 0 


TORQUE 

NOIl GR/E (-"^515 


MRX TORQUE /COMPRESS ION VALUES 


T f+l 


T H 


5732.0 LB-IN 

6^7. B H-h 


-9B03 5 LB-IN 
-iOBS O N-M 


aw. 7 
^I3B7. 3 


Fig. 38. Line Interaction Diagram - Spec. #11 [^5]^ Gr/E 
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BUCKLING INTERRCTION DIflGRRM 



MRX TORQUE /COMPRESS rO 


T r-H 

5732.0 LB-IN 

6+7.6 N-M 


T H 

-960a 5 LB-IN 
-iOBSO N4i 


P 

93++. 7 L B 
+19B7. 3 N 


Fig. 39. Point Interaction Diagram - Spec. #11 [+45] 6r/E 



2 


BUCKLING INTERRCTION DlflGRRM 


0 -1 . 0 

0 . 0 

1 . 0 

TORQUE 

NOI6 GR/E 

MAX TORaUE/COMPRESSrON VALUES 

T ( •*1 

T (-V 

P 

-^szae LB-IN 

-7Uai LB-IN 

8919.0 

5L1.B N-M 

-8CN.2 NJi 

3967a 8 

j. 40. Line Interaction 

Diagrani - Spec. 

#16 [+45]^ Gr/E 
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BUCKLING INTERFICTION DlflGRRM 



NO, GR/E tA5Z/^52)Q 


MRX TORQUE/COMPRESSION VRLUES 

T r-H T W P 

2WQ9 LB-IN -33005. S LB-IN SSCWSL I LB 

2309.5 N-M -37Zai N-M 159BBa6 N 

Fig. 42. Line Interaction Diagram - Spec. #14 [- 452 / 462 ]^ Gr/E 
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BUCKLING INTERRCTION DIRGRRM 



- 2 .0 - 1.0 0 . 0 1.0 2 . 0 

TORaUE 


NO. H GR/E |:-"^52/"^525S 

MAX TOROUE/CDHPRESSION VALUES 

T f-H T (-1 P 

20MaS LB-IN .33cms LB-IN 3SCMS 1 LB 

2308. S H-H -37211 N-M 133B0B. 6 N 

Fig. 43. Point Interaction Diagram - Spec. #14 [-452/4523g Gr/E 
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BUCKLING INTERBCTION OIRGRRM 



TORaUE/COMPRESSIDN VALUES 


T (-*1 T (-1 P 

2370ai LB-IN -37762.9LB-IN i039a0 LB 

2B7a? N-M --tZBEB N-N 179677.0 N 

Fig. 45. Point Interaction Diagram - Spec. #18 C-452/452]g Gr/E 
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BUCKLING INTERRCTION DIflGRRM 



N020 GR/E U^52/^52B 


MAX TOROUE/COMPRESSION VALUES 

T f+t T (-» P 

2ia^.5 LB-IN -35160. 5 LB-IN 37184.9 LB 

2479.6 N-M -3972 6 N-N 16S1CB. 7 N 

Fig. 46. Line Interaction Diagram - Spec. #20 [-452/452]^ 6r/E 
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BUCKLING rNTERRGTION DIRGRRM 



N020 GR/E U^5Z/^52B 


TORQUE/COMPRESSION VALUES 

T M T H 

2L9iE 5 LB-IN -3S16Q. 5 LB-IN 

2479.6 N-M -3972 6 N-M 

Fig. 47. Point Interaetion Diagram - Spec. #20 [-452/452]5 Gr/E 


P 

37184.9 LB 
16&KB. 7 N 
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BUCKLING INTERRCTION DIRGRflM 



N021 GR/E U^SZ/^SZB 

MAX TORQUE/COMPRESSIO. 

T (-*1 T (-1 P 

22B5S9 LB-IN -30)67.2 LB-IN 37297.7 LB 

2962.3 H-ti -4303 2 N4i 1657700 N 

Fig. 48. Line Interaction Diagram - Spec. #21 [-452/452]^ Gr/E 
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BUCKLING INTERRCTION DIRGRRM 



- 2.0 -i ,0 0 .0 1.0 2 .0 

TORQUE 


N021 GR/E (-^52/-t52)S 

MAX TOROUE/COMPRESSION V 

T T M P 

22BSS 9 LB-IN .3B0S7.2 LB-IN 372B7. 7 LB 

2SBE.3 NJi -430a2 N-M 16577SO N 

Fig. 49. Point Interaction Diagram - Spec. #21 [-452/452]g 6r/E 
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BUCKLING INTERRCTION DIAGRAM 



- 1 .0 -0 .5 0 .0 0 .5 1.0 

TORQUE 

N0I5 GR/E 0/--f5/90)S 


MAX TORQUE/CDHPRESSION VALUES 

.9 

T (-H T (-1 P 

176Sa2 LB-IN -i«7aSLB.IN 3220ai LB 

1935.2 N-M -1BS7.8 N4i l+BZiaS N 

Fig. 50. Line Interaction Diagram - Spec. #15 [0/±45/90]g 6r/E 
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BUCKLING INTERRGTION DIRGRRM 



0 .p 

TORQUE 


N0I5 GR/E 0/-"^5/90^5 


MAX TORQUE/COMPRESSrON VALUES 


T W T (-1 P 

176Sa2 LB-IN -i-1673.5LB.IN 322031 LB 

1395.2 N-M -1657.8 N-M 1-132^8 N 

Fig. 51. Point Interaction Diagram - Spec. #15 [0/±45/90]^ Gr/E 
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BUCKLING INTERRCTION DIAGRAM 



SPEC. A B GR/E Oa-^5/90)S 


MAX TORQUE/COMPRESSION VflL 

T (+» T H P 

182SS8 LB-IN LB-IN 3333Z 3 LB 

20BZ6 N-H -1638 4 N4i 146268 7 N 

Fig. 52. Line Interaction Diagram - Spec. #AB [0/145/90]^ 6r/E 
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BUCKLING INTERRCTION DIflGRRM 



-0 . 5 


0 . 0 
TORQUE 


0 . S 


SPEC. R 8 GR/E O/-"^5/90)S 


M AX TORQUE /COMP RESS I Of 


T f+1 T H P 

1825518 LB-IN -ia03Z^ LB-IN 33302 3 LB 

20826 N-M -1896 N-M 1-^8286 7 N 

Fig. 53. Point Interaction Diagram - Spec. #AB [0/±45/90]g Gr/E 
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BUCKLING INTERRCTION OIRGRRM 



N022 GR/E iO/^-^S/SOm 

mx. TORQUE /COMPRESS ION VALUES 

T T (-1 P 

17611.8 LB-IN .i«31.1 LB-IN 32ISa9 LB 

1989.8 N-M -1658 4 N-M 1430&I.6 N 

Fig. 54. Line Interaction Diagram - Spec. #22 [0/±45/90]^ Gr/E 
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BUCKLING INTERRCTION DIRGRflM 
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TABLE 9 

EXPERIMENTAL MAXIMUM LOADS FOR COMBINED LOADING 


Test No. 


Maximum Loads 
P(KIPS) T(K IN) 


Load Ratios 
P/P* T/T* 


2.78 

4.05 


Spec No. 1 [+45], 

01-01 ■ 
01-02 

01- 03 

Spec No. 2 

02 - 01 
02-02 
02-03 
02-04 


B/E 


p*=4.0** Kip 
4.0 

1.75 0.7 

-5.3 1.01 


T*=4.0 k-in 

1.0 

0.44 

-1.33 


[0] B/E 
2.29 

12.5 


P*=12.5 Kip T*=8.9**Kip-in 


-2.31 

-8.9 


- 1 .0 


1.0 


Spec No. 3 - Not Tested 

Spec No. 4 [-82.5/30/20/-82.5] B/E P*=5.8 Kip T*=6.3 Kip-in 


04-01 


-4.8 



04-02 

- 

-10.1 

- 

- 

04-03 

- 

-13.5 


-2.14 

04-04 

5.8 

- 

1.0 


04-05 

4.4 

2.95 

0.76 

0.47 

04-06 

2.95 

4.45 

0.51 

0.71 

04-07 

- 

6.3 

- 

1.0 

04-08 

3.1 

-7.0 

0.53 

-1.11 

04-09 

2.4 

-8.85 

0.41 

-1.40 

04-10 

2.55 

-9.0 

0.44 

-1.43 

04-11 

2.0 

-9.4 

0.34 

-1.49 

04-12 

- 

-13.8 

- 

-2.19 

04-13 

- 

-14.3 

- . 

-2.27 

Spec No. 5 

[-82.5/30/20/-82.5] 

B/E P*=6. 

0** Kip 

05-01 


7.0 

- 

1.0 

Spec No. 6 

[-45/45] 

B/E 

P*=13.85 Kip 

T*=20.85 

06-01 

6.3 


- 

- 

06-02 

6.55 

- 

- 

- 

06-03 

- 

17.76 

- 


06-04 

- 

-20.8 

- 

- 

06-05 

5.75 

-20.2 

0.42 

-0.97 

06-06 

6.1 

-2.6 

0.44 

-0.12 

06-07 

8.35 

3.4 

0.60 

0.16 

06-08 

6.83 

14.95 

0.49 

0.72 

06-09 

5.5 

- 


- * 

06-10 

6.5 

- 

- 


06-11 

13.85 


1.0 

- 

06-12 

7.5 

- 

- 

- 

06-13(155-9)+ 

06-14(155-10)+ 

20.85 

-34.80 

_ 

1.0 

-1.67 


** estimated 

+ LaRC test and run numbers 


T*=7.0 K-in 
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TABLE 9 EXPERIMENTAL MAXIMUM LOADS FOR COMBINED LOADING 

(continued) 

Test No. Maximum Loads Load Ratios 

P(KIPS) T(K IN) P/P* 1 / 1 * 


Spec No. 7 

- Not Tested 




Spec No. 8 

[-82. 5/30/20/ -82. 5] 

Gr/E P*=4.52 Kip 

08-01 

* 4.52 


1.0 


08-02 

- 

-10.9 


-1.95 

08-03 

- 

-11.5 

- 

-2.05 

08-04 

- 

5.6 


1 .0 

08-05 

2.85 

3.85 

0.63 

0.69 

08-06 

3.57 

2.75 

0.79 

0.49 

08-07 

4.37 

-1.8 

0.97 

-0.32 

08-08 

0.47 

-10.0 

0.10 ' 

-1.79 

08-09 

2.5 

-7.75 

0.55 

-1.38 

08-10 

2.9 

3.72 

0.64 

0.66 

08-11 

3.05 

3.42 

0.67 

0.61 

08-12 

2.8 

-1.68 

0.62 

-0.30 

08-13 

3.25 

-1.76 

0.72 

-0.31 

08-14 

3.35 

-2.48 

0.74 

-0.44 

08-15 

0.18 

-2.75 

- 

- 

08-16 

4.05 

-2.68 

0.90 

-0.48 

Spec No. 9 

[-82.5/30/20/-82.5] 

Gr/E P**=4.5 Kip 

09-01 

- 

- 


- 

09-02 

2.97 

1.75 

0.66 

0.22 

Spec No. 10 

[-82.5/30/20/-82.5] 

Gr/E P**=4.5 

Kip 

10-01 

0.0 

-5.0 

- 

- 

10-02 

0.0 

-6.2 

- 

- 

10-03 

0.0 

-7.2 

- 

- 

10-04 

0.0 

5.1 

- 

1.0 

10-05 

2.31 

-0.91 

0.51 

-0.18 

10-06 

2.3 

-0.51 

0.51 

-0.10 

10-07 

2.0 

2.57 

0.44 

0.50 

10-08 

2.24 

3.16 

0.50 

0.62 

10-09 

1.46 

-0.29 

0.32 

0.04 

10-10 

3.09 

-0.4 

0.69 


10-11 

3.61 

-1.18 

0.80 

-0.11 

10-12 

0.18 

-7.49 

0.04 

-1.47 

10-13 

1. 76 

-4.5 

0.39 

-0.88 

Spec No. 11 

[^45]^ 

Gr/E p*= 

=4.1 Kip T*=5. 

22 K-in 

11-01 

4.1 

- 

1.0 

- 

11-02 

- 

5.22 

- 

1.0 

11-03 

- 

-9.45 

- 

-1.81 

11-04 

1.5 

-8.6 

0.37 

-1.65 

11-05 

3.4 

-3.9 

0.83 

-0.75 

11-06 

4.0 

2.6 

0.98 

0.50 

11-07 

1.56 

4.25 

0.38 

0.81 


T*=5.6 K-in 


T**=5.4 K-in 


T*=5.1 K-in 


** estimated 
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TABLE 9 EXPERIMENTAL MAXIMUM LOADS FOR COMBINED LOADING 

(continued) 


Test No. 

Maximum Loads 

Load Ratios 


P(KIPS) 

T(K IN) 

P/P* 

1 / 1 * 

Spec No. 12 

[-82. 5/30/20/ -82. 5] 

B/E P*=6.0 Kip 

12-01 

- 

5.0 


1.0 

12-02 

1.55 

4.1 

0.26 

0.82 

12-03 

3.6 

2.1 

0.60 

0.42 

Spec No. 13 

[0/+45/90], 

3 b/e 

P*=30.75 Kip 

T*=25. 

13-01 

25.0 

— 

- 


13-02 

30.75 

- 

1.0 


13-03 

... 

17.2 

- 

- 

13-04 

- 

-19.8 

- 

-0.79 

13-05 

13.13 

-15.8 

0.43 

-0.61 

13-06 

25.0 

-7.0 

0.81 

-0.28 

13-07 

25.0 

4.86 

0.81 

0.19 

13-08 

25.0 

4.7 

0.81 

0.19 

13-09 

24.6 

14.6 

0.80 

0.58 

13-10 

15.0 

6.1 

0.49 

0.24 

13-11 

25.0 

10.0 

0.81 

0.40 

13-12 

22.5 

8.8 

0.73 

0.35 

13-13 

36.25 

10.6 

1.18 

0.42 

Spec No. 14 

[- 452 / 452 ] 

s 

P*=12.2 Kip 

T*=17. 

14-01 

6.2 

- 

- 


14-02 

11.2 

- 

- 

- 

14-03 

12.2 

- 

1.0 

- 

14-04 

- 

17.6 

- 

1.0 

14-05 

- 

-20.0 

- 

-1.14 

14-06 

8.0 

-19.9 

0.66 

-1.13 

14-07 

7.8 

-2.6 

0.64 

-0.15 

14-08 

7.1 

-2.4 

0.58 

-0.14 

14-09 

11.4 

3.3 

0.93 

0.19 

14-10 

8.5 

12.0 

0.70 

0.68 

14-11 

3.0 

12.9 

0.25 

0.73 

14-12 

6.25 

-4.9 

- 

-0.28 

14-13 

4.0 

5.2 

0.33 

0.30 

14-14 

4.9 

-5.8 

0.40 

-0.33 

14-15 

6.88 

-7.5 

0.56 

-0.43 

14-16 

8.5 

5.6 

0.70 

0.32 

14-17 

8.13 

-5.76 

0.67 

-0.33 

14-18 

5.15 

-9.02 

0.42 

-0.51 

14-19 

5.43 

-9.78 

0.45 

-0.56 

14-20 

7.10 

-12.46 

0.58 

-0.71 

14-21(155-1)+ 

0.0 

17.5 

- 

0.99 

14-22(155-2)+ 

0.0 

17.5 

- 

0.99 

14-23(155-3)+ 

0.0 

-32.1 

- 

-1.82 

f 


T*=5.0 K-ln 


0** K-ln 


6 K-in 


** estimated 

+ LaRC test and run numbers 
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TABLE 9 EXPERIMENTAL MAXIMUM LOADS FOR COMBINED LOADING 

(continued) 


Test No. 

Maximum Loads 
P(KIPS) T(K IN) 

Load Ratios 
P/P* T/T* 

Spec No. 15 

[0/±45/90]g 

Gr/E 

P*=22.5 Kip 

T*=20.4 K-in 

15-01 (50-1 )+ 

_■ 

20.4 


1.0 

15-02(50-2)+ 


-16.0 


-0.78 

15-03(50-3)+ 

- 

20.4 

- 

1.0 

15-04(50-4)+ 
Spec No. 16 - 

Not Tested 

-16.3 


-0.80 

Spec No. 17 

[-82.5/30/20/-82.5] 

B/E P*=6.1 

Kip T*=7.9 

17-01 

3.75 

2.25 

0.61 

0.28 

17-02 

2.5 

- 

- 

- 

17-03 

- 

3.7 

- 

- 

17-04 

3.05 

- 

- 

- 

17-05 

6.1 

- 

1.0 


17-06 

- 

-7.5 

- 

-0.95 

17-07 

- 

6.5 

- 

0.82 

17-08 

- 

7.9 

- 

1.0 

17-09 

5.61 

-2.40 

0.92 

-0.3 

17-10 

5.26 

-3.5 

0.86 

-0.44 

17-11 

3.67 

-5.9 

0.60 

-0.75 

17-12 

2.57 

4.0 

0.42 

0.51 

17-13 

5.5 

3.2 

0.90 

0.41 

Spec No. 18 

[- 452 / 452 ] 

s 

P**=40.4 Kip 

T*=19.4 K-ii 

18-01(155-4)+ 

0.0 

-35.35 

- 

-1 .82 

18-02(155-5)+ 

0.0 

19.40 

- 

1.0 

Spec No. 19 

[- 452 / 452 IS 

B/E 

P*=13.0^* Kip 

T*=16.8 K-in 

19-01(50-8)+ 

- 

16.8 

- 

1.0 

19-02(50-9)+ 

- 

-27.7 

- 

-1.65 

Spec No. 20 

[-452/452]3 

Gr/E 

P*=12.0** Kip 

T*=18.0 K-i 

20-01(50-5)+ 

... 

18.0 

- 

1.0 

20-02(50-7)+ 

- 

-33.3 

- 

-1.85 

Spec No. 21 

[- 452/45213 

Gr/E 

P**=37.3 Kip 

T*=19.85 K-i 

21-01(155-6)+ 

0.0 

19.85 

- 

1.0 

21-02(155-7)+ 

0.0 

19.65 


0.99 

21-03(155-8)+ 
** estimated 

0.0 

-33.2 


-1.67 


+ LaRC test and run numbers 
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TABLE 9 EXPERIMENTAL MAXIMUM LOADS FOR COMBINED LOADING 

(continued) 


Test No. 

Maximum Loads 

Load Ratios 


P(KIPS) 

T(K IN) 

P/P* 

T/T* 

Spec No. 22 

[0/±45/90] 

3 Gr/E 

P*=22.5 Kip 

T*=21.0** K-in 

22-01 

- 

-17.0 

* 

-0.81 

22-02 


17.9 

- 

0.85 

22-03 

22.5 


1.0 

- 

22-04 

14.9 

13.8 

0.66 

0.66 

22-05 

6.55 

-13.7 

0.29 

-0.65 

22-06 

14.6 

13.4 

0.65 

0.64 

22-07 

18.75 

4.8 

0.83 

0.23 

22-08 

14.1 

-7.15 

0.63 

-0.34 

22-09 

16.95 

-8.9 

0.75 

-0.42 

22-10 

5.75 

-13.8 

0.26 

-0.77 

22-11 

6.7 

-13.3 

0.30 

-0.63 

22-12 

8.38 

-12.4 

0.37 

-0.59 

22-13 

8.88 

-9.4 

0.39 

-0.45 

22-14 

7. 13 

-6.1 

0.32 

-0.29 

22-15 

8.28 

-4.56 

0.37 

-0.22 

22-16 

8.43 

-4.6 

0.37 

-0.22 

22-17 

9.15 

11.46 

0.41 

0.55 

22-18 

11.43 

10.35 

0.51 

0.49 

22-19 

16.6 

10.8 

0.74 

0,51 

22-20 

17,18 

- • 

0.76 

- 

Spec No. 23 

[0/±45/90] 

s 

P*=30.0** Kip 

T*=23.8** K-in 

23-01(630-1)+ 

- 

23.8 


1.0 

23-02(630-2)+ 


-20.8 

- 

-0.87 

23-03 

14.76 

-13.56 

0.49 

-0.57 

23-04 

17.15 

-13,72 

0.57 

-0.58 

Specs A & B 

[0/±45/903 

s 

P*=19.25 Kip 

T*=20.2 K-in 

AB-01 (623-1)+ 

18.65 

- 

0.97 


AB-02( 623-2)+ 

19.25 

- 

1.0 

- 

AB-03( 624-1)+ 

- 

20.2 


1.0 

AB-04(624-2)+ 

- 

-15.3 

- 

-0.76 

AB-05( 625-1)+ 

5.3 

-14.1 

0.28 

-0.70 

AB-06(625-2)+ 

12.5 

-10.6 

0.65 

-0.52 

AB-07(625-3)+ 

6.5 

-10.1 

0.34 

0.50 

AB-08(625-4)+ 

6.5 

17.8 

0.34 

0.88 

AB-09( 625-5)+ 

15.4 

12.0 

0.80 

0.59 


* estimated 

+ LaRC test and run numbers 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No;. 1 

Laminate; 

[-45/45V 

s 

Material ; 

B/E 

Length (in) ; 

Avg . Radius 

(in): 

Thickness 

(in); 

L = 19.875 

R = 2.987 


t = 0.022 

Max Torque; 

Max Axial Load/cir. ; 

Max Axial 

Load; 

T* - 4607.0 in-lbs 

P* = 486.99 

lbs /in 

2itRP* = 9139.77 lbs 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling 

Ratios 

P 

T 

P (lbs /in) 

T (in-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

4607.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-7613.2 

0.0 

-1.6525 

1.0 

0,0 

486.99 

0.0 

1,0 

0.0 

1,0 

1.0 

72.122 

4043.2 

0.1481 

0.8776 

1,0 

-1.0 

120.76 

-6770.0 

0.2480 

-1.4695 

1.0 

0, 75 

92.511 

3889,6 

0,1900 

0.8443 

1.0 

-0,75 

153.79 

-6466.0 

0.3153 

-1,4035 

1.0 

-0.5 

213.56 

-5986.2 

0,4385 

-1.2994 

1.0 

0.5 

129 . 76 

3637.1 

0.2665 

0.7895 

1.0 

0.35 

168.20 

3300.2 

0.3454 

0. 7163 

1.0 

-0. 35 

282 . 26 

-5538.2 

0.5796 

-1.2021 

1.0 

-0.25 

350.67 

-4914.6 

0, 7201 

-1.0668 

1.0 

0.25 

209.50 

2936.1 

0.4302 

0.6373 

1.0 

0.1 

335.55 

1881,1 

0.6890 

0.4083 

1.0 

-0, 1 

498.51 

-2794.6 

1.0237 

-0.6066 

1.0 

-0.05 

488.88 

-1370,3 

1.0039 

-0.2974 

1.0 

0.05 

416.59 

1167.7 

0.8554 

0.2535 

1.0 

0.03 

458.50 

771.10 

0,9415 

0.1674 

1.0 

-0.03 

485.78 

-816.98 

0,9975 

-0.1773 

1,0 

-0.01 

484,99 

-271.88 

0.9959 

-0.0590 

1.0 

0.01 

493.32 

276.55 

1.0130 

0.0600 

1.0 

0.005 

476.61 

133.59 

0.9787 

0.0290 

1,0 

-0.005 

493.08 

-138.21 

1.0125 

-0.0300 

1.0 

-0.003 

487.75 

-82.030 

1.0016 

-0.0178 

1.0 

0.003 

477.54 

80.312 

0.9806 . 

0.0174 

1.0 

0,001 

483.47 

27,103 

0.9928 

0.0059 

1.0 

-0.001 

483.47 

-27.103 

0.9928 

0.0059 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 2 

Laminate: [0] 

Material : B/E 

Length (in) : 

Avg. Radius (in): 

Thickness (in) ; 

L = 20.0 

R = 2.9765 

t = 0.0368 

Max Torque: 

Max Axial Load/cir. : 

Max Axial Load: 

T* = 11209.0 

P* = 1215.4 

2ttRP* = 22730.29 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P(lbs/in) 

T( in-lbs) 

P/P* 

X/T* 

0.0 

1.0 

0.0 

11209.0 

0.0 

1.0 

0.0 

-1.0 

O.O 

-11209.0 

0.0 

-1.0 

1.0 

0.0 

1215.4 

0.0 

1.0 

0.0 

1.0 

1.0 

179.62 

9998.6 

0.1478 

0.8920 

1.0 

0.75 

229.07 

9563.5 

0.1885 

0.8532 

1.0 

-0.75 

229.07 

-9563.5 

0.1885 

-0.8532 

1.0 

-0.5 

320.05 

-8908.0 

0.2633 

-0.7947 

1.0 

0.5 

320.05 

8908.0 

0.2633 

0.7947 

1.0 

0.35 

420. 31 

8189.0 

0.3458 

0.7306 

1.0 

-0.35 

420.31 

-8189.0 

0.3458 

-0.7306 

1.0 

-0.25 

523.25 

-7281.8 

0.4305 

-0.6496 

1.0 

0.25 

523.25 

7281.8 

0.4305 

0.6496 

1.0 

0.1 

805.89 

4486.1 

0.6631 

0.4002 

1.0 

-0.1 

805.89 

-4486.1 

0.6631 

-0.4002 

1.0 

-0.05 

995.30 

-2770.2 

0.8189 

-0.2471 

1.0 

0.05 

968.66 

2696.1 

0.7970 

0.2405 

1.0 

0,03 

1026 * 7 

1714.6 

0.8447 

0.1530 

1.0 

-0.03 

1123.7 

-1876.6 

0.9246 

-0.1674 

1.0 

-0.01 

1109.1 

-617.41 

0.9125 

-0.0551 

1.0 

0.01 

1101.0 

612.87 

0.9059 

0.0547 

1.0 

0.005 

1120.6 

311.89 

0.9220 

0.0278 

1.0 

-0.005 

1078.9 

-300.29 

0.8877 

-0.0268 

1.0 

-0.003 

647.97 

-108.21 

0.5331 

-0.0097 

1.0 

0.003 

1121.0 

187.21 

0.9223 

0.0167 

1.0 

0.001 

769.50 

42.835 

0.6331 

0.0038 

1.0 

-0.001 

. 1198.0 

-66.690 

0.9857 

-0.0059 

1.0 

-1.0 

138.03 

-7683.4 

0.1136 

-0.6855 



97 


BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 12 

Laminate: [-82 . 5/30/20/-82 . 5 ] 

Material: 

B/E 

Length (in) : 

Avg. Radius (in) : 

Thickness 

(in): 

L = 20.063 

R = 2.984 

t = 0.021 


Max Torque: 

Max Axial Load/clr.; 

Max Axial 

Load: 

T* = 7330.8 

P* = 454.08 

2ttRP* = 8513.56 


Given Load 

1 Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P(lbs/in) 

T( in-lbs) 

p/p* 

T /T* 

0,0 

1.0 

0.0 

7330.8 

0.0 

1.0 

0.0 

-1.0 

0.0 

-13845.0 

0.0 

-1.8886 

1.0 

0.0 

454.08 

0.0 

1.0 

0.0 

1.0 

1.0 

111.57 

6242.2 

0.2457 

0.8520 

1.0 

-1.0 

218.18 

-12207.0 

0.4805 

-1.6652 

1.0 

0.75 

140.26 

5885.4 

0.3089 

0.8028 

1.0 

-0.75 

279.61 

-11733.0 

0.6158 

-1.6005 

1,0 

0,5 

191.78 

5364.7 

0.4223 

0.7318 

1.0 

-0.5 

332.73 

-9307.5 

0.7328 

-1.2696 

1.0 

0.35 

241.71 

4733.0 

0.5323 

0.6456 

1.0 

-0.35 

377.54 

-7392.8 

0.8314 

-1.0085 

1.0 

0.25 

296.14 

4142.1 

0.6522 

0,5650 

1.0 

-0.25 

388.64 

-5435.8 

0.8559 

-0.7415 

1.0 

0.1 

415.11 

2322.4 

0.9142 

0.3168 

1.0 

-0.1 

422.93 

-2366.2 

0. 9314 

-0.3228 

1.0 

0.05 

470.38 

1315.8 

1.0359 

0.1795 

1.0 

-0.05 

452.89 

-1266.9 

0.9974 

-0.1728 

1.0 

0.03 

464.82 

780.16 

1.0237 

0.1064 

1.0 

-0.03 

450.89 

-756.78 

0.9930 

-0.1032 

1.0 

0.01 

455.08 

254.61 

1.0022 

0.0347 

1.0 

-0.01 

449.31 

-251.38 

0.9895 

-0.0343 

1.0 

0.005 

455.81 

127.51 

1.0038 

0.0174 

1.0 

-0.005 

473.07 

-132.33 

1.0418 

-0.0181 

1.0 

0.001 

455.19 

25.467 

1.0024 

0.0035 
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BUCKLING LOADS AS PREDICTED BY WD PROGRAM 


Tube No; 13 

Laminate: [0/±45/90] 

s 

Material; B/E 

Length (in): 

Avg. Radius (in) : 

Thickness (in): 

L * 20.062 

R = 2.9760 

t = 0.0400 

Max Torque: 

Max Axial Load/cir. : 

Max Axial Load: 

T* = 25179.0 

P* » 2505.3 

2irRP* = 46846.00 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P(lbs/in) 

T (in- lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

25179.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-21116.0 

0.0 

-0.8386 

1.0 

0.0 

2505.3 

0.0 

1.0 

0.0 

1.0 

1.0 

409.63 

22795.0 

0.1635 

0.9053 

1.0 

-1.0 

339.47 

-18891.0 

0.1355 

-0.7503 

1.0 

0.75 

525.61 

21937.0 

0.2098 

0.8712 

1.0 

-0.75 

433.9,6 

-18112.0 

0.1732 

-0.7193 

1.0 

0.5 

728.83 

20279.0 

0.2906 

0.8054 

1.0 

-0.5 

599.83 

-16689.0 

0.2394 

-0.6628 

1.0 

0.35 

952.12 

18544.0 

0.3800 

0.7365 

1.0 

-0.35 

786.15 

-15312.0 

0.3138 

-0.6081 

1.0 

0.25 

1208.3 

16810.0 

0.4823 

0.6676 

1.0 

-0.25 

989.20 

-13762.0 

0.3948 

-0.5466 

1.0 

0.1 

1941.2 

10802.0 

0.7748 

0.4290 

1.0 

-0.1 

1600.8 

-8907.9 

0.6390 

-0.3538 

1.0 

0.05 

2415.3 

6720.2 

0.9641 

0.2669 

1.0 

-0.05 

1967.7 

-5474.9 " 

0.7854 

-0.2174 

1.0 

0.03 

2656.3 

4434.6 

1.0603 

0.1761 

1.0 

-0.03 

2153.9 

-3595.7 

0.8597 

-0.1428 

1.0 

0.01 

2612.8 

1453.9 

1.0429 

0.0577 

1.0 

-0.01 

2373.8 

-1321.0 

0.9475 

-0.0525 

1.0 

0.005 

2560.9 

7125.3 

1.022 

0.2830 

1.0 

-0.005 

2434.2 

-676.78 

0.9716 

-0.0269 

1.0 

-0.001 

2502.9 

139.28 

0.9990 

0.0055 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No; 14 

Laminate; [-45„/45„] 

2 4 s 

Material: 

Gr/E 

Length (in) : 

Avg. Radius (in); 

Thickness 

(in): 

L = 20.063 

R = 2.9755 

t = 0.0500 

Max Torque; 

Max Axial Load/cir . ; 

Max Axial 

Load: 

T* = 23344.0 

P* = 1854.4 

2mRP* = 34669.15 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling 

Ratios 

P 

T 

P(lbs/in) 

T( in-lbs) 

P/P* 

X/T* 

0.0 

1.0 

0,0 

23344.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-46613.0 

0.0 

-1.9968 

1.0 

0.0 

1854.4 

0.0 

1.0 

0.0 

1.0 

1.0 

359.11 

19977.0 

0.1937 

0. 8558 

1.0 

-1.0 

702.64 

-39087.0 

0i3789 

-1.6744 

1.0 

0.75 

455.43 

19001.0 

0.2456 

0.8140 

1.0 

-0.75 

895.97 

-37381.0 

0.4832 

-1.6013 

1.0 

0.5 

626.72 

17432.0 

0.3380 

0.7467 

1.0 

-0.5 

1207.3 

-33580.0 

0.6510 

-1.4385 

1.0 

0.35 

801.55 

15606.0 

0.4322 

0.6685 

1.0 

-0 . 35 

1519.6 

-29587.0 

6,8195 

-1.2674 

1.0 

0.25 

988.16 

13743.0 

0.5329 

0.5887 

1.0 

-0.25 

1825.8 

-25392.0 

0.9846 

-1.0877 

1.0 

0.1 

1474.6 

8203.3 

0.7952 

0.3514 

1.0 

-0.1 

1923.8 

-10702.0 

1.0374 

-0,4584 

1.0 

0.05 

1760.4 

4896.5 

0.9493 

0.2098 

1.0 

-0.05 

1886.8 

-5248.1 

1.0175 

-0.2248 

1.0 

0.03 

1885.9 

3147.3 

1,0170 

0.1348 

1.0 

-0.03 

1880.0 

-3137.5 

1,0138 

-0 . 1344 

1.0 

0.01 

1841.5 

1024.4 

0.9930 

0.0439 

1.0 

-0.01 

1861.8 

-1035.7 

1.0040 

-0.0444 

1.0 

0.005 

1846.1 

513.47 

0.9955 

0.0220 

1.0 

-0.005 

1850.1 

•^514.60 

0.9977 

-0.0220 

1.0 

0.001 

1852.7 

103.06 

0.9991 

0.0044 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No : 15 

Laminate; [0/±45/90] 

s 

Material: Gr/E 

Length (in); 

Avg. Radius (in) : 

Thickness (in); 

L » 20.063 

R = 2.9755 

t =0.0400 

Max Torque; 

Max Axial Load/cir . ; 

Max Axial Load; 

T* = 23143.0 

P* = 2225.7 

2irRP* = 4160.84 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P (lbs /in) 

T (in- lbs) 

P/P* 

T/1* 

0.0 

1.0 

0.0 

23143.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-18647.0 

0.0 

-0.8057 

1.0 

0.0 

2225.7 

0.0 

1.0 

0.0 

1.0 

1.0 

372.14 

20702.0 

0.1672 

0.8945 

1.0 

-1.0 

298.39 

-16599.0 

0.1341 

-0.7172 

1.0 

0.75 

476.26 

19870.0 

0.2140 

0.8586 

1.0 

-0.75 

385.55 

-16086.0 

0.1732 

-0.6951 

1.0 

0.5 

663.60 

18458.0 

0.2982 

0.7976 

1.0 

-0.5 

532.78 

-14819.0 

0.2394 

-0.6403 

1.0 

0 . 35 

868.19 

16904.0 

0.3901 

0.7304 

1.0 

-0 . 35 

705.08 

-13728.0 

0.3168 

-0.5932 

1.0 

0.25 

1096.1 

15243.0 

0.4925 

0.6586 

1.0 

-0.25 

881.97 

-12266.0 

0.3963 

-0.5300 

1.0 

0.1 

1773.0 

9862.9 

0.7966 

0.4262 

1.0 

-0.1 

1402.0 

-7799.1 

0.6299 

-0.3370 

1.0 

0.05 

2219.6 

6173.7 

0.9973 

0.2668 

1.0 

-0.05 

1731.6 

-4816.4 

0.7780 

-0.2081 

1.0 

0.03 

2472.2 

4125.8 

1.1108 

0.1783 

1.0 

-0.03 

1929.0 

-3219.3 

0.8667 

-0.1391 

1.0 

0.01 

2345.1 

1304.5 

1.0536 

0.0564 

1.0 

-0.01 

2121.5 

- 1180.2 

0.9532 

-0.0510 

1.0 

0.005 

2299.5 

639.60 

1.0332 

0.0276 

1.0 

-0.005 

2172.5 

-604.28 

0.9761 

-0.0261 

1.0 

0.001 

2244.5 

124.86 

1.0084 

0.0054 

1.0 

-0.001 

2217.5 

-123.36 

. 0.9963 

-0.0554 

1.0 

0.003 

2269.3 

378.71 

1.0196 

0.0164 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 16 

Laminate: [-45/45] 

. s 

Material: 

Gr/E 

Length (in) : 

Avg. Radius (in): 

Thickness 

(in): 

L = 18.938 

R = 2.988 

t = 0.025 


Max Torque: 

Max Axial Load/cir. : 

Max Axial 

Load : 

T* = 4988.0 

P* = 460.82 

2ttRP* = 8651.5074 


Given Load Ratios 
P T 


Predicted Buckling Loads 
P(lbs/in) 


Buckling Ratios 


0.0 

1.0 

0.0 

0.0 

-1.0 

0.0 

1.0 

0.0 

460.82 

1.0 

1.0 

77*497 

1.0 

-1.0 

139.67 

1.0 

0.75 

99.404 

1.0 

-0.75 

177.58 

1.0 

0.5 

137.00 

1.0 

-0.5 

247.11 

1.0 

0.35 

177.78 

1.0 

-0.35 

320.02 

1.0 

0.25 

221.01 

1.0 

-0.25 

397.5 

1.0 

0.1 

343.22 

1.0 

-0.1 

479.49 

1.0 

0.05 

417.84 

1.0 

-0.05 

495.12 

1.0 

0.03 

454.11 

1.0 

-0.03 

467.35 

1.0 

0.01 

458.65 

1.0 

-0.01 

474.70 

1.0 

0.005 

468.11 

1.0 

-0.005 

460.87 

1.0 

0.001 

460.37 


T(in-lbs) 

P/P* 

t/t* 

4988.0 

0.0 

1.0 

-9045.9 

0.0 

-1.8135 

0.0 

1.0 

0.0 

4347.4 

0.1682 

0.8716 

-7834.9 

0.3031 

-1.5707 

4182.2 

0.2157 

0.8385 

-7471.1 

0.3854 

-1.4978 

3842.6 

0.2973 

0.7704 

-6931.1 

0.5362 

-1.3896 

3490.5 

0.3858 

0.6998 

-6283.2 

0.6945 

-1.2597 

3099.5 

0.4796 

0.6214 

-5574.7 

0.8626 

-1.1176 

1925.4 

0.7448 

0.3860 

-2689.8 

1.0405 

-0.5393 

1172.0 

0.9067 

0.2350 

-1388.8 

1.0744 

-0.2784 

764.23 

0.9854 

0.1532 

-786.52 

1.0142 

-0.1577 

257.29 

0.9953 

0.0516 

-266.30 

1.0301 

-0.0534 

131.30 

1.0158 

0.0263 

-129.27 

1.0001 

-0.0259 

25.826 

0.9990 

0.0052 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 17 

Laminate: [-82.5/30/20/-82.5] 

Material: B/E 

Length (in) : 

Avg. Radius (in) : 

Thickness (in): 

L = 20.125 

R = 2.9865 

t « 0.0210 

Max Torque: 

Max Axial Load/cir.: 

Max Axial Load: 

T* = 7327.0 

P* = 458.33 

2ttRP* « 8600.44 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P (lbs /in) 

T(in-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

7327.0 

0.0 

1.0 

0.0 

-1.0 

0,0 

-13838.0 

0.0 

-1.8886 

1.0 

1.0 

111.14 

6228.6 

0.2425 

0.8501 

1.0 

-1.0 

216.23 

-12117.0 

0.4718 

-1.6537 

1.0 

0.0 

458.33 

0,0 

1.0 

0,0 

1.0 

0.75 

139.96 

5882.8 

0,3054 

0.8029 

1.0 

-0.75 

277.76 

-11675.0 

0.6060 

-1.5934 

1.0 

0.5 

189.57 

5311,8 

0,4136 

0.7250 

1.0 

-0.5 

337.41 

-9454.3 

0.7362 

-1.2903 

1.0 

0.35 

241.36 

4734,2 

0.5266 

0.6461 

1.0 

-0.35 

359.60 

-7053.3 

0.7846 

-0.9626 

1.0 

0.25 

294.21 

4121.9 

0.6419 

0.5626 

1.0 

-0.25 

393.98 

-5519.8 

0.8596 

-0.7534 

1.0 

0.1 

415.46 

2328.3 

0.9065 

0,3178 

1.0 

-0.01 

449.17 

-251. 72 

0.9800 

-0.0344 

1.0 

. 0.05 

476.40 

1334.9 

1.0394 

0.1822 

1.0 

-0.05 

438.73 

-1229.3 

0,9572 

-0.1678 

1.0 

0.03 

462.73 

777.96 

1.0096 

0.1062 

1.0 

-0.03 

442.95 

-744.71 

0.9664 

-0.1016 

1.0 

0.01 

476.10 

266.81 

1,0388 

-0.0364 

1.0 

0.005 

455.72 

127.69 

0,9943 

0.0174 

1.0 

-0.005 

450.42 

-126.21 

0,9827 

-0.0172 

1.0 

0.001 

454.59 

25,476 

0.9918 

0.0035 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 18 

Laminate: [-452/4521 

Material : 

Gr/E 

Length (in): 

Avg. Radius (in) : 

Thickness 

(in): 

L = 20.937 

R * 2.9725 

t = 0.054 


Max Torque: 

Max Axial Load/cir. : 

Max Axial 

Load: 

T* = 26931.0 

P* = 2154.1 

2TrRP*= 40231.63 


Given 

Load Ratios 

Predicted 

Buckling Loads 

Buckling Ratios 

P 

T 

P(lbs/in) 

T(in-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

26931.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-52496.0 

0.0, 

-1.9493 

1.0 

0.0 

2154.1 

0.0 

1.0 

0.0 

1.0 

1.0 

413.53 

22958.0 

0.1920 

0.8525 

1.0 

-1.0 

791.12 

-43921.0 

0.3673 

-1.6309 

1.0 

0.75 

522.72 

21765.0 

0.2427 

0.8082 

1.0 

-0.75 

999.15 

-41602.0 

0.4638 

-1.5448 

1.0 

0.5 

717.11 

19906.0 

0.3329 

0.7391 

1.0 

-0.5 

1344.9 

-37333.0 

0.6243 

-1.3862 

1.0 

0.35 

920.33 

17883.0 

0.4272 

0.6640 

1.0 

-0.35 

1708.1 

-33190.0 

0.7930 

-1.2324 

1.0 

0.25 

1128.6 

15664.0 

0.5239 

0.5816 

1.0 

-0.25 

2064.4 

-28652.0 

0.9584 

-1.0639 

1.0 

0.1 

1713.9 

9514.8 

0.7956 

0.3533 

1.0 

-0.1 

2237.7 

-12423.0 

1.0388 

-0.4613 

1.0 

0.05 

2067.0 

5737.6 

0.9596 

0.2130 

1.0 

-0.05 

2222.6 

-6169.6 

1.0318 

-0.2291 

1.0 

0.03 

2121.0 

3532.5 

0.9846 

0.1312 

1.0 

-0.03 

2203.9 

-3670.5 

1.0231 

-0.1363 

1.0 

0.01 

2144.8 

1190.7 

0.9957 

0.0442 

1.0 

-0.01 

2160.2 

-1199.3 

1.0028 

-0.0445 

1.0 

0.005 

2154.7 

598.12 

1.0003 

0.0222 

1.0 

-0.005 

2154.8 

-598.13 

1.0003 

-0.0222 

1.0 

0.001 

2152.1 

119.47 

0.9991 

0.0044 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: 19 

Laminate: [-45»/45„] 

z z s 

Material: B/E 

Length (in) : 

Avg. Radius (in): 

Thickness (in):. 

L = 20.063 

R = 2.9785 

t = 0.038 

Max Torque: 

Max Axial Load/cir.: 

Max Axial Load: 

T* = 15764.0 

P* = 1447.8 

2irRP* = 27094.806 


Given Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

p 

T 

P(lbs/in) 

T(in-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

15764.0 

0.0 

1.0 

1.0 

-1.0 

413.09 

-23026.0 

0.2853 

-1.4607 

1.0 

0.0 

1447.8 

0.0 

1.0 

0.0 

1.0 

1.0 

242.17 

13499.0 

0.1763 

0.8563 

1.0 

0.75 

312.07 

13046.0 

0.2155 

0.8276 

1.0 

-0.75 

527.71 

-22061.0 

0.3645 

-1.3995 

1.0 

0.5 

428.53 

11943.0 

0.2960 

0.7576 

1.0 

-0.5 

720.20 

-20072.0 

0.4973 

-1.2733 

1.0 

0. 35 

552.99 

10788.0 

0.3820 

0.6843 

1.0 

-0.35 

938.22 

-18304.0 

0.6840 

-1.1611 

1.0 

0.25 

876.01 

12207.0 

0.6051 

0.7744 

1.0 

-0.25 

1172.8 

-16343.0 

0.8101 

-1.0367 

1.0 

0.1 

1069.8 

5963.3 

0.7389 

0.3783 

1.0 

-0.1 

1521.4 

-8480.6 

1.0508 

-0.5380 

1.0 

0.05 

1306.2 

3640.6 

0.9022 

0.2309 

1.0 

-0.05 

1461.2 

-4072.3 

1.0093 

-0.2583 

1.0 

0.03 

1423.9 

2381.1 

0.9835 

0.1510 

1.0 

-0.03 

1452.9 

-2429.5 

1.0035 

-0.1541 

1.0 

0.01 

1447.3 

806.72 

0.9997 

0.0512 

1.0 

-0.01 

1436.3 

-800.61 

0.9921 

-0.0508 

1.0 

0.005 

1450.9 

404.37 

1.0021 

0.0257 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No : 20 

Laminate : [ 

- 452 / 452 ] 

Material: 

Gr/E 

Length (in): 
L = 20.937 

Avg . Radius 
R = 2.975 

(in) : 

Thickness 
t = 0.052 

(in): 

Max Torque: 
T* = 24765.0 

Max Axial Load/cir.: 
P* = 2000.3 

Max Axial Load: 
2nRP* > 37390.56 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P (lbs /in) 

T (in-lbs) 

P/P* 

t/t* 

0.0 

1.0 

0.0 

24765.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-48914.0 

0.0 

-1.9751 

1.0 

0.0 

2000.3 

0.0 

1.0 

0.0 

1.0 

1.0 

379.55 

21107.0 

0.1897 

0.8523 

1.0 

-1.0 

724.46 

-40287.0 

0.3622 

-1.6268 

1.0 

0. 75 

481.17 

20068.0 

0.2405 

0.8103 

1.0 

-0.75 

920.75 

-38402.0 

0.4603 

-1.5507 

1.0 

0.5 

661.27 

18387.0 

0.3306 

0.7425 

1.0 

-0.5 

1247.8 

-34694.0 

0.6238 

-1.4009 

1.0 

0.35 

845.03 

16447.0 

0.4225 

0.6641 

1.0 

-0.35 

1575.7 

-30668.0 

0.7877 

-1.2384 

1.0 

0.25 

1038.9 

14443.0 

0.5194 

0.5832 

1.0 

-0.25 

1915.7 

-26634.0 

0.9577 

-1.0755 

1.0 

0.1 

1587.8 

8829.5 

0.7938 

0.3565 

1.0 

-0.1 

2122.6 

-11804.0 

1.0611 

-0.4766 

1.0 

0.05 

1893.0 

5263.6 

0.9464 

0.2125 

1.0 

-0.05 

2036.4 

-5662.1 

1.0180 

-0.2286 

1.0 

0.03 

1967.6 

3282.5 

0.9837 

0.1325 

1.0 

-0.03 

2023.2 

-3375.3 

1.0114 

-0.1363 

1.0 

0.01 

1984.7 

1103.7 

0.9922 

0.0446 

1.0 

-0.01 

2014.1 

-1120.0 

1.0069 

-0.0452 

1.0 

0 005 

1994.0 

554.43 

0.9969 

0.0224 

1.0 

-0.005 

1994.0 

-554.43 

0.9969 

-0.0224 

1.0 

0.001 

1998.4 

111.13 

0.9991 

0.0045 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No; 21 

Laminate! [- 452 / 452 ] 

Material; Gr/E 

Length (in); 

Avg. Radius (in) ; 

Thickness (in) ; 

L = 16.937 

R = 2.9745 

t - 0.051 

Max Torque; 

Max Axial Load/cir . ; 

Max Axial Load; 

T* = 27004.0 

P* * 2017.0 

2;tRP* = 37696.39 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P (lbs /in) 

T (in- lbs) 

p/p* 

1/T* 

0.0 

1.0 

0.0 

27004.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-53758.0 

0.0 

-1.9907 

1.0 

0.0 

2017.0 

0.0 

1.0 

0.0 

1,0 

1.0 

410.29 

22809.0 

0.2034 

0.8447 

1.0 

-1.0 

805.47 

-44777.0 

0.3993 

-1.6582 

1.0 

0.75 

520.33 

21694.0 

0.2580 

0.8034 

1.0 

-0. 75 

1020.9 

-42567.0 

0.5061 

-1.5763 

1.0 

0.5 

701.95 

19511.0 

0.3480 

0.7225 

1.0 

-0.5 

1396.4 

-38813.0 

0.6923 

-1.4373 

1.0 

0.35 

901.07 

17532.0 

0.4467 

0.6492 

1.0 

-0.35 

1787.4 

-34778.0 

0.8862 

-1.2879 

1.0 

0.25 

1101.2 

15304.0 

0.5460 

0.5667 

1.0 

-0.25 

2129.9 

-29602.0 

1,0560 

-1.0962 

1.0 

0.1 

1634.1 

9084.4 

0.8102 

0.3364 

1.0 

-0.1 

2137.4 

-11882.0 

1.0597 

-0.4400 

1.0 

0.05 

1951.8 

5425.1 

0.9677 

0,2009 

1.0 

-0.05 

1960.6 

-5449.5 

0.9720 

-0.2018 

1.0 

0.03 

1978.3 

3299.3 

0.9808 

0.1222 

1.0 

-0.03 

2025.8 

-3378.5 

1.0044 

-0.1251 

1.0 

0.01 

1915.6 

1064.9 

0.9497 

0.0394 

1.0 

-0.01 

1933.4 

-1074.8 

0.9586 

-0.0398 

1.0 

0.005 

1935.1 

537.89 

0.9594 

0.0199 

1.0 

-0.005 

1924.5 

534.92 

0.9541 

0.0198 

1.0 

0.001 

2015.1 

112.02 

0.9991 

0.0041 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: - 

Laminate; [-h5 h5 

Material; 

B/E 

Length (in) ; 

Avg. Radius (in): 

Thickness 

( in) : 

L = 20.063 

R = 2.9785 

t = 0.038 


Max Torque: 

Max Axial Load/cir. : 

Max Axial 

Load: 

T* = 21811.0 

P* = 1761.5 

2ttEP* = 32965.53 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling 

Ratios 

P 

T 

P(lbs/in) 

T(ln-lbs) 

P/P* 

X/T* 

0.0 

1.0 

0,0 

21811.0 

0.0 

1.0 

1.0 

-1.0 

339.33 

-18914.0 

0.1926 

-0.8672 

1.0 

0.0 

1761.5 

0,0 

1.0 

0.0 

1.0 

1.0 

339.33 

18914.0 

0.1926 

0.8672 

1.0 

0.75 

432.53 

18082.0 

0.2455 

0.8290 

1.0 

-0.75 

432.53 

-18082.0 

0.2455 

-0.8290 

1.0 

0.5 

599.48 

16708,0 

0.3403 

0.7660 

1.0 

-0.5 

599.48 

-16708.0 

0.3403 

-0.7660 

1.0 

0.35 

768.40 

14991.0 

0.4362 

0.6873 

1.0 

-0.35 k 

768.40 

-14991.0 

0.4362 

-0.6873 

1.0 

0.25 

951. 30 

13257.0 

0.5401 

0.6078 

1.0 

-0.25 

951.30 

-13257.0 

0.5401 

-0.6078 

1.0 

0.1 

1505.9 

8394.3 

0.8549 

0.3849 

1.0 

-0.1 

1505.9 

-8394.3 

0.8549 

-0.3849 

1.0 

0.05 

1736.3 

4839.3 

0.9857 

0.2219 

1.0 

-0.05 

1736.3 

-4839.3 

0.9857 

-0.2219 

1.0 

0.03 

1716.6 

2870.6 

0.9745 

0.1316 

1.0 

-0.03 

1716.6 

-2870.6 

0.9745 

-0.1316 

1.0 

0.01 

1734.0 

966.57 

0.9844 

0.0443 

1.0 

-0.01 

1734.0 

-966.57 

0.9844 

-0.0443 

1.0 

0.005 

1785.1 

497.52 

1.0134 

0.0228 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: - 

Laminate: [±45] 

s 

Material: 

B/E 

Length (in) : 

Avg. Radius (in): 

Thickness 

(in) : 

L = 20.062 

R = 2.987 

t = 0.022 


Max Torque: 

Max Axial Load/cir. : 

Max Axial 

Load: 

T* = 7592.7 

P*= 479.37 

2TrRP* = 8996.76 


Given Load Ratios Predicted Buckling Loads 


Buckling Ratios 


P 

T 

P(lbs/in) 

T(in-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

7592.7 

0.0 

1.0 

0.0 

-1.0 

0.0 

-4636.7 

0.0 

-0.6107 

1.0 

0.0 

479.37 

0.0 

1.0 

0.0 

1.0 

1.0 

120.40 

6749.4 

0.2512 

0.8889 

1.0 

-1.0 

72.133 

-4043.7 

0.1505 

-0.5326 

1.0 

0.75 

154.14 

6480.9 

0.3215 

0.8536 

1.0 

-0.75 

92.957 

-3908.4 

0.1939 

-0.5148 

1.0 

0.5 

215.20 

6031.9 

0.4489 

0.7944 

1.0 

-0.5 

128.95 

-3614.3 

0.2690 

-0.4760 

1.0 

0.35 

279.31 

5480.2 

0.5827 

0.7218 

1.0 

-0.35 

167.08 

-3278.2 

0.3485 

-0.4318 

1.0 

0.25 

351.69 

4928.9 

0.7337 

0.6492 

1.0 

-0.25 

210.85 

-2955.0 

0.4398 

-0.3892 

1.0 

0. 1 

503.23 

2821.1 

1.0498 

0.3716 

1.0 

-0.1 

335.44 

-1880.5 

0.6998 

-0.2477 

1.0 

0.05 

489.26 

1371.4 

1.0206 

0.1806 

1.0 

-0.05 

412.50 

-1156.2 

0.8605 

-0.1523 

1.0 

0.03 

489.81 

823.76 

1.0218 

0.1085 

1.0 

-0.03 

456.04 

-766.96 

0.9513 

-0.1010 

1.0 

0.01 

493.43 

276.61 

1.0293 

0.0364 

1.0 

-0.01 

477.33 

-267.59 

0.9957 

-0.0352 

1.0 

0.005 

478.89 

134.23 

0.9990 

0.0177 

1.0 

-0.005 

482.28 

-135.18 

1.0061 

-0.0178 

1.0 

0.001 

478.90 

26.847 

0.9990 

0.0035 
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BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: Av. Size 

Laminate ; [-82.5/30/20 /-82 . 5 ] 

Material: B/E 

Length (in) ; 

Avg. Radius (in) : 

Thickness (in) : 

L = 20.063 

R = 3.00 

t = 0.0212 

Max Torque; 

Max Axial Load/cir . ; 

Max Axial Load: 

T* = 11633.0 

P* = 663.82 

2ttRP* = 12512.71 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling 

Ratios 

P 

T 

P(lbs/in) 

T(ln-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

11633.0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-12958.0 

0.0 

-1.1139 

1.0 

0.0 

663.82 

0.0 

1.0 

0.0 

1.0 

1.0 

180,20 

10190.0 

0.2715 

0.8760 

1.0 

-1.0 

200.14 

-11318.0 

0.3015 

-0.9729 

1.0 

0.75 

228.70 

9699,7 

0.3445 

0.8338 

1.0 

-0.75 

257.60 

-10925.0 

0.3881 

-0.9391 

1.0 

0.5 

319.39 

9030.6 

0.4811 

0.7763 

1.0 

-0.5 

356.28 

-10074,0 

0.5367 

-0.8660 

1.0 

0.35 

411.90 

8152.3 

0.6205 

0.7008 

1.0 

-0.35 

460.32 

-9110,6 

0.6934 

-0.7832 

1.0 

0.25 

506.47 

7160.0 

0.7630 

0.6155 

1.0 

-0.25 

569.77 

-8054.9 

0.8583 

-0.6924 

1.0 

0.1 

641.59 

3628.1 

0.9665 

0.3119 

1.0 

-0.1 

610.52 

-3452.4 

0.9197 

-0.2968 

1.0 

0.05 

667.71 

1887.9 

1.0059 

0 . 1623 

1.0 

-0.05 

635.12 

-1795.8 

0.9568 

-0.1544 

1.0 

0.03 

674.75 

1144.7 

1.0165 

0.0984 

1.0 

-0.03 

648.55 

-1100.2 

0.9770 

-0.0946 

1.0 

0.01 

671.81 

379.90 

1.0120 

0.0327 

1.0 

-0.01 

653.36 

-369.47 

0.9842 

-0.0318 

1.0 

0.005 

698.76 

197.57 

1.0526 

0.0170 

1.0 

-0.005 

663.12 

-187.49 

0.9989 

-0.0161 

1.0 

0.003 

698.60 

118.52 

1.0524 

0.0102 

1.0 

-0.003 

656.74 

-111.41 

0.9893 

-0.0096 

1.0 

0.001 

667.62 

37.753 

1.0057 

0.0032 

1.0 

-0.001 

660.69 

-37.361 

0.9953 

-0.0032 



no 


BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: Av. Size 

Laminate : [-82 . 5/30/20/-82 . 5] 

Material: 

Gr/E 

Length (in) ; 

Avg. Radius (in) : 

Thickness 

(in): 

L = 20.041 

R = 3.006 

t = 0.022 


Max Torque: 

Max Axial Load/cir . : 

Max Axial 

Load: 

T* = 12234.0 

P* =637.68 

2irRP* = 12044.02 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P(lbs/ln) 

T(ln-lbs) 

P/P* 

T/T* 

0.0 

1.0 

0.0 

12234,0 

0.0 

1.0 

0.0 

-1.0 

0.0 

-13745.0 

0.0 

-1.1235 

1.0 

0.0 

637.68 

0.0 

1.0 

0.0 

1.0 

1.0 

186.31 

10578.0 

0.2922 

0.8646 

1.0 

-1.0 

209,72 

-11907.0 

0.3289 

-0.9733 

1.0 

0.75 

236.91 

10088.0 

0.3715 

0.8246 

1.0 

-0.75 

267.64 

-11396.0 

0.4197 

-0.9315 

1.0 

0.5 

330.48 

9381.5 

0.5183 

0.7668 

1.0 

-0.5 

368.52 

-10461.0 

0.5779 

-0.8551 

* 1.0 

0.35 

424.18 

8429.0 

0.6652 

0.6890 

1.0 

-0.35 

482.72 

-9592.2 

0.7570 

-0.7841 

1.0 

-0.25 

515.56 

-7317.8 

0.8085 

-0.5982 

1.0 

0.25 

505.58 

7176.1 

0.7928 

0.5866 

1.0 

0.1 

623.65 

3540.8 

0.9780 

0.2894 

1.0 

-0.1 

573.18 

-3254.3 

0.8989 

-0.2660 

1.0 

-0.05 

591.79 

-1680.0 

0.9280 

-0.1373 

1.0 

0.05 

648.33 

1840.5 

1.0167 

0.1504 

i.b 

0.03 

628.33 

1070.2 

0.9853 

0.0875 

1.0 

-0.03 

610. 28 

-1039.5 

0.9570 

-0.0850 

1.0 

-0.01 

653.20 

-370.85 

1.0243 

-0.0303 

1.0 

0.01 

622.33 

353.33 

0.9759 

0.0289 

1.0 

0.005 

620.33 

176.10 

0.9728 

0.0144 

1.0 

-0.005 

618.45 

-175.56 

0.9698 

-0.0144 

1.0 

-0.003 

633.06 

-107.83 

0.9928 

-0.0088 

1.0 

0.003 

623.19 

106.15 

0.9773 

0.0087 

1.0 

0.001 

586.74 

33.312 

0.9201 

0.0027 

1.0 

-0.001 

618.23 

-35.100 

0.9695 

-0.0029 



m 


BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No: Av. Size 

Length (in) : 

L = 20.0 

Max Torque: 

T* = 15821,0 


Laminate: 

Avg . Radius (in) : 

R ^ 2.997 

Max Axial Load/cir.: 
P* = 1439.3 


Material: B/E 

Thiekness (in) : 
t = 0.038 

Max Axial Load: 
2 ttRP* = 27103.04 


Given Load Ratios Predicted Buckling Loads Buckling Ratios 


p 

T 

P (lbs /in) 

T( in-lbs) 

P/P* 

T/T* 

0.0 

-1.0 

0.0 

-26646.0 

0.0 

-1.6842 

0.0 

1.0 

0.0 

15821.0 

0,0 

1.0 

1.0 

0.0 

1439.3 

0.0 

1.0 

0.0 


BUCKLING LOADS AS PREDICTED BY WU PROGRAM 


Tube No : Appx. 

Size Laminate: [-82.5/30/20/-82.5] 

Material : 

B/E 

Length (in) : 

Avg. Radius (in): 

Thickness 

(in) : 

L = 20.0 

R = 2.997 

t = 0.021 


Max Torque: 

Max Axial Load/cir.: 

Max Axial 

Load: 

T* = 7350.0 

P* = 456.95 

2ttRP* = 8604.69 


Given 

Load Ratios 

Predicted Buckling Loads 

Buckling Ratios 

P 

T 

P (lbs /in) 

T(ln-lbs) 

P/P* 

X/T* 

0.0 

-1.0 

0.0 

-13832.0 

0.0 

-1.8819 

0.0 

1.0 

0.0 

7350.0 

0.0 

1.0 

1.0 

0.0 

456.95 

0.0 

1.0 

0.0 
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